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 Fiber Reinforced Polymer (FRP) system has gained popularity in the 
strengthening of aged or deteriorated reinforced concrete (RC) members due to its high 
strength to weight ratio and the ease of installation compared to other systems.  However, 
not much attention has been given to the long-term behavioral aspects of such 
strengthened members.  This research was aimed at investigating, both experimentally 
and analytically, the long-term deflection, cracking and residual structural behavior of 
RC beams strengthened with glass FRP system.  The effect of three major actions, that is, 
sustained loading, cyclic loading, and weathering were investigated.   
Deflections and crack widths of RC beams under sustained or cyclic loading were 
found to be effectively controlled by FRP laminates, besides the enhancement in flexural 
strength.  The beneficial effect was, however, less evident for beams subjected to 
weathering for a long time.  The flexural strength and ductility of FRP-strengthened RC 
beams were found not much affected by cyclic loading.  The same properties, however, 
were found to reduce due to weathering with the failure mode changing from concrete 
crushing to brittle FRP rupture.   
The ACI approach, Effective Modulus Method and Adjusted Effective Modulus 
Method were used to calculate the long-term deflection under sustained loading.  The 
first two approaches predicted the deflection conservatively, whereas the third one 
showed excellent correlation with the test results.  For beams subjected to sustained 
loading under weathering, the Effective Modulus Method which considers the effect of 
weathering on the modulus of beam components predicted the deflection on the 
 xi
conservative side.  Also, an analytical approach was presented and found to predict the 
deflection of FRP-strengthened RC beams under cyclic loading closely.   
For the estimation of short-term crack width, a regression analysis of available 
test data yields an empirical expression which is a function of stress in steel bars, 
effective concrete area in tension, and effective side cover.  The long-term crack width 
due to sustained loading was related to the short-term crack width by empirical equations 
which take into account the applied stress and the strengthening capacity of FRP laminate.  
The long-term crack width due to cyclic loading was calculated following the classical 
slip-theory approach taking into account the degradation in bond between steel bars and 
concrete due to cyclic loading.  The approach also considered the cyclic creep of concrete, 
deterioration in tensile stiffening of concrete, and fatigue damage of FRP laminate and 
was found to predict the test results closely.   
Last, an analytical model which considers the combined effect of sustained 
loading and weathering on individual material properties (that is, ultimate strain and 
elastic modulus of concrete and FRP laminate) for different periods, is proposed to 
determine the residual flexural strength of FRP-strengthened RC beams.  This approach 
involved setting a maximum strain limit for respective failure mode of concrete crushing, 
FRP debonding and FRP rupture.  The residual flexural strength and failure mode of 
FRP-strengthened RC beams were predicted with reasonable accuracy.  Subsequently, the 
analytical prediction for residual strength is extrapolated to 50 years and a strength 
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INTRODUCTION                                       




In the last decade, fiber reinforced polymer (FRP) laminate or system has gained 
popularity in the strengthening of reinforced concrete (RC) members due to the high 
strength to weight ratio, the ease of installation and low maintenance costs compared to 
other systems such as steel plate bonding method (Chajes et al. 1994, Ross et al. 1999).  
However, not much attention has been given to the long-term behavioral aspects of FRP-
strengthened RC members.  Also, long-term field data are not currently available.  It is 
difficult to accurately predict the long-term deflection, crack width and residual structural 
behavior of FRP-strengthened RC members.  Therefore, an investigation on long-term 
behavior could lead to the widespread use of FRP systems in strengthening works. 
In design practice, deflections of concrete flexural members are controlled by 
satisfying the minimum requirement regarding member thickness or depth while crack 
widths are being checked using semi-empirical equations.  According to ACI Committee 
435R (1995), deflections of RC members can be reduced by choosing members of a 
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larger depth or width.  Dead-load deflection can be reduced substantially by applying pre-
stressing.  Also, by improving material properties of the member, both deflections and 
crack widths can be controlled.  Materials that reduce the creep or shrinkage and lead to 
high elastic modulus or high modulus of rupture of concrete can be chosen to limit long-
term deflection and crack width.  Adequately and properly placed reinforcement also can 
reduce crack width.   
Fiber reinforcement in the form of either short discrete fibers (mixed with 
concrete) or continuous fibers (that is, FRP laminate that can be externally bonded to 
concrete members) can also be used to control the deflection and crack width of RC 
members in the long-term due to their good crack control properties.    
Among the types of discreet fibers, steel fibers are commonly used.  They possess 
high strength to weight and stiffness to weight ratios, which contribute to both strength 
enhancement and deflection and crack control of RC members under sustained loading 
(Tan et al. 1994a, b).  Steel fibers can also reliably inhibit cracking due to fatigue stresses 
(Ong et al. 1997).  Deterioration of concrete bridge decks due to cracking is a critical 
maintenance problem for many highway systems.  The ability of steel fibers to control 
the severity of cracking can add significance to its application.  ACI Committee 435R 
(1995) has already recommended the use of steel fiber reinforcement in controlling the 
deflection; however, it highlighted the necessity of research on the long-term behavior 
(deflection and cracking) of steel fiber reinforced concrete (SFRC) members.  
Among the different types of FRP system, carbon, aramid and glass FRP systems 
are commonly used in structural strengthening.  Unidirectional (roving) FRP system 
possesses high stiffness to weight ratio and has a high resistance to creep and fatigue 
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deformation.  Bidirectional (woven roving) FRP system, on the other hand, has the 
disadvantage that the fibers tend to straighten out under load, thus increasing creep and 
resulting in larger deflections (Phillips, L. N., ed. 1989). 
 
1.2 Long-Term Effect on Structural Behavior of FRP-Strengthened RC  
 Members 
 
While external FRP system may be expected to reduce long-term deflection and 
cracking when applied to existing RC members, it is crucial to identify the major actions 
that would result in significant long-term deflection and cracking.  Three such actions are 
sustained loading, cyclic loading, and weathering. 
 
1.2.1 Effect of Sustained Loading  
Sustained loading would affect the creep of FRP laminate (especially the polymer 
matrix) which would in turn increase the long-term deflection and cracking of the 
strengthened RC members.  The effect of continued application of stress on polymers, 
such as thermoset resin, is to cause a straining of the molecular bonds with molecular 
segments changing conformations and sliding past one another.  If the straining is large 
enough, chain rupture might occur, particularly in thermoset resin where the chains are 
cross-linked into a network.  This overall molecular response is slow to reach an 
equilibrium state and so the material continues to deform for long periods after 
application of the load.   
At high stress levels, creep might affect the fiber-matrix interface regions, leading 
to relative slip between fiber and matrix.  Rupture of fibers may also occur, resulting in 
higher fiber stress in surrounding intact fibers, thus increasing elongation and rate of 
creep over time (Liao et al. 1998). 
 3
Chapter 1: Introduction     
1.2.2 Effect of Cyclic Loading 
 Fatigue damage due to cyclic loading could also affect the structural properties of 
the FRP laminate.  Besides the mechanical properties of FRP laminate, the interface bond 
characteristics between FRP laminate and concrete could be affected.  These would then 
affect the behavior of concrete members under ultimate load condition (that is, flexural 
strength, ductility, failure mode) in addition to that under service load condition (that is, 
deflection and crack width).  These changes could be catastrophic and might lead to the 
premature or unexpected failure of members.   
 
1.2.3 Effect of Weathering 
Structural members in service are exposed directly to weathering elements while 
they are being subjected to sustained loading, the coupling effect of which would be a 
concern (ACI Committee 440.2R 2002).  In tropical climate, FRP laminate when bonded 
externally to a concrete member may degrade due to the synergistic effect of sunlight 
(that is, ultraviolet (UV) radiation) and rainfall.  Degradation of FRP laminate involves 
the degradation of one or several of its components (fibers, polymer matrix, and 
fiber/polymer interface region).  It is noted that most of the mechanical properties are 
governed by fibers alone; FRP laminate can resist loads in most cases, as long as the 
fibers are not deteriorated (Uomoto 2001).   
Degradation of fibers in FRP systems involves the ingress of aggressive agents 
through the polymer matrix.  The polymer is often considered to be the weakest link.  UV 
ray causes either the breakdown of polymer chains by ‘chopping’ them up, or by further 
reaction among the chains which makes the plastic material brittle.  A wide variety of 
synthetic and naturally-occurring high polymers absorb solar ultraviolet radiation and 
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undergo photolytic, photo oxidative and thermo-oxidative reactions that result in the 
degradation of the material (Andrady et al. 1998).  Throughout the process of photo 
degradation, small molecules such as ketones, alcohols and acids are formed which are 
evaporated.  As the film loses material, it will decrease in thickness and shrink, causing 
embrittlement and cracking (Armstrong et al. 1995).  The ultimate strength of the 
strengthened member could thus be reduced.   
Moisture diffusion will also lead to changes in thermo-physical, mechanical and 
chemical characteristics as water molecules disrupt Van-der-Waals bonds in polymer 
chains (Bank and Gentry 1995).  The absorption of moisture causes a reduction in the 
glass transition temperature and therefore a sharp reduction in stiffness.  In some cases, 
the moisture wicks along the fiber-matrix interface and this has been shown to be 
deleterious to the fiber-matrix bond, resulting in the loss of integrity of the bond.  This 
may reduce the overall stiffness of the member, resulting in large deflections.   
Once moisture is absorbed into the fibers, degradation is initiated by the 
extraction of ions from the fibers by the water.  These ions combine with water to form 
bases (alkaline solutions) which etch and pit the fiber surface, resulting in flaws that 
significantly degrade the strength and cause premature fracture and failure.  The ultimate 
strength as well as the service life of the strengthened member is thus affected.   
Embrittlement and cracking of polymer matrix, loss in fiber-matrix bond, and the 
degradation in fiber strength could also affect the cracking of FRP-strengthened RC 
members under sustained loading.  Cracks may result due to premature debonding of 
external FRP systems, thereby reducing the service life of such structures (Teng et al. 
2002). 
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1.3 Objective and Scope of Study 
 
In view of the above discussion, this research is carried out to investigate the 
long-term structural behavior of RC beams strengthened with fiber reinforcement as its 
primary objective.  Focus would be placed on the application of externally bonded glass 
FRP (GFRP) systems in RC beams.   
 The scope of this study covers: 
(1) Experimental and analytical investigation on long-term deflection and crack width of 
GFRP-strengthened RC beams under sustained loading.  Long-term deflections and 
crack widths would be observed and compared among beams strengthened with 
different FRP ratios and subjected to different levels of sustained loading.  Analytical 
models would be developed for the calculation of deflection and crack width of 
strengthened beams under sustained loading.   
(2) Effect of cyclic loading on long-term deflection and crack width of GFRP-
strengthened RC beams.  Experimental and analytical study would be carried out on 
beams strengthened with different FRP ratios and cyclic-loaded under different load 
ranges.  The residual structural behavior of GFRP-strengthened RC beams after cyclic 
loading would also be investigated. 
(3) Effect of tropical weathering on long-term deflection, crack width, and residual 
strength of GFRP-strengthened RC beams under sustained loading.  Long-term 
deflection and crack width of RC beams strengthened with GFRP system subjected to 
outdoor and simulated weathering would be compared.  The residual structural 
behavior of GFRP-strengthened RC beams after exposure to weathering would also 
be examined.  
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Glass FRP system was chosen for this investigation as it is considered the least 
advantageous in terms of creep properties and durability among the FRP systems 
available in the market (ACI Committee 440.2R 2002).  Also, unidirectional GFRP 
system has been predominant for many civil engineering applications locally because of 
an economical balance of cost and specific strength properties (ACI Committee 440R 
1996).   
 
1.4 Research Significance 
 This research yields valuable results regarding the long-term structural behavior 
of FRP-strengthened RC beams.  The investigation on the effect of tropical weathering on 
FRP-strengthened RC beams is unique as the effect of sustained loading is combined 
with that of weathering.  This study proposes analytical methods to compute the long-
term deflection under sustained loading with and without tropical weathering effect.  In 
addition, the study verifies the ACI approach (ACI Committee 318 2005) for the 
calculation of time-dependent deflection of FRP-strengthened RC beams.  A strength 
reduction factor is proposed based on the experimental investigation and analytical 
consideration to account for the combined effect of sustained loading and weathering on 
residual flexural strength.  An analytical method is also presented to calculate deflection 
under cyclic loading.  In addition, a semi-empirical equation is proposed for the 
calculation of short-term crack width in FRP-strengthened RC beams.  Also, equations 
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1.5 Thesis Structure 
 This thesis is divided into six chapters.  In the first chapter, the objective and 
scope of the study are described.  In the second chapter, a literature review on long-term 
behavior of RC beams with or without fiber reinforcement is reported.  Focus is placed 
on the deflection, cracking, and residual structural behavior of beams under sustained or 
cyclic loading.  The effect of weathering on conventional or strengthened RC beams is 
also reported.     
 In Chapter 3, an investigation on the long-term deflection and cracking of FRP-
strengthened RC beams under sustained loading is reported.  A comparative study with 
conventional RC beams on the deflections and crack widths was made.  Analytical 
methods are explained to calculate the short- and long-term deflections of FRP-
strengthened RC beams.  To predict the short-term crack widths of FRP-strengthened RC 
beams, an equation is proposed based on regression analysis of existing test data.  
Furthermore, from the results of the current study, empirical formulae are proposed to 
calculate the long-term crack widths. 
 Chapter 4 reports the investigation on FRP-strengthened RC beams under cyclic 
loading.  The beam specimens were tested to investigate deflections and crack widths 
with the FRP ratios and load ranges as test parameters.  Analytical methods are proposed 
to calculate the increase in deflections and crack widths due to cyclic loading.  Beams 
that did not fail during the cyclic loading were statically loaded to failure to study their 
residual structural properties.   
 In Chapter 5, the combined effect of sustained loading and tropical weathering on 
FRP-strengthened RC beams is investigated.  The increase in deflections and crack 
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widths of the specimens due to sustained loading under ambient, natural outdoor or 
accelerated chamber weathering are reported.  An analytical method is presented for 
deflection calculation.  At the end of predetermined exposure periods, the specimens 
were relieved of the tropical weathering and/or sustained loading and reloaded statically 
to failure to study the residual structural behavior.  A model is proposed to determine the 
residual strength of FRP-strengthened RC beams.  Also, a strength reduction factor is 
proposed to cater for the combined effect of sustained loading and tropical weathering on 
the flexural strength of GFRP-strengthened RC beams.   
 In the last chapter, the works carried out are reviewed.  The findings from the 
study are reported, and recommendations for further works are made. 
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Long-term structural behavior is meant to include both long-term serviceability 
(deflection and crack width) and residual strength properties.  The structural behavior of 
RC members can be affected by sustained loading or weathering or from the 
simultaneous action of both factors.  Concrete undergoes significant amount of creep due 
to sustained loading, fatigue damage due to cyclic loading, and shrinkage due to 
volumetric changes caused by weathering exposure.  All these factors are known to be 
responsible for the increase in deflection and crack width of RC members in the long 
term.   
Also, weathering may lead to faster degradation of concrete and more importantly 
that of internal reinforcement in cracked RC members by exposing them to harmful 
elements like ultraviolet ray, high temperature, high humidity, freezing and thawing 
action, alkalinity, salt water, and others.  These elements could lead to undesirable 
residual structural behavior of RC members, and hence the service life of the structure. 
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To ensure that long-term deflection and crack width due to externally applied 
loads do not result in undesirable consequences, various control measures have been 
suggested by codes of practice.  Improving material properties to increase the stiffness of 
the member is one of the measures.  Reducing the water content, using large aggregate 
size or by applying surface coating on the concrete are other measures to control cracking 
due to shrinkage (ACI Committee 435R 1995).   
Short discrete fibers or continuous fibers in the form of FRP laminate may be 
used to control the long-term deflection of RC members due to sustained or cyclic 
loading.  Due to the crack bridging capacity, fiber reinforcement can arrest the cracks and 
prevent them from widening further.  With the FRP system serving as a protective layer, 
the effect of weathering on internal steel bars of a cracked RC member could be 
minimized.  This would improve the overall residual structural behavior of the RC 
members.  On the other hand, the effect of weathering on the fiber reinforcement itself 
(especially, in the case of FRP laminate when bonded externally to a concrete member) 
can pose a threat which needs further attention.       
 
2.2 Long-Term Deflections 
2.2.1 Effect of Concrete Creep and Shrinkage 
Creep may be defined as an increase in strain with time due to sustained loading.  
Shrinkage, on the other hand, is load-independent and occurs as the concrete reduces in 
volume with time.  In plain concrete, there would be a uniform reduction in concrete 
volume.  But in the case of reinforced concrete, the reinforcement bars will inhibit the 
shrinkage in concrete volume and therefore cause curvature to occur (Fling 1974; Salmon 
et al. 1974).  Major factors affecting the rate and ultimate values of creep and shrinkage 
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of concrete include compressive strength, stress level at which the concrete is subjected 
to, environmental conditions during curing and during the life of the structure, age at 
loading, and mix proportions (Paulson et al. 1989).   
Several approaches are available to calculate the long-term deflection of RC 
beams due to sustained loading.  Among them, the ACI approach (ACI Committee 318 
2005), and methods proposed by Ghali and Favre (1986), and Gilbert (1999) are 
noteworthy.  The ACI approach (ACI Committee 318 2005) suggests a multiplier to 
account for the time-dependent deflection due to creep and shrinkage, which is simple 
and convenient for use.  The other two approaches calculate creep and shrinkage 
deflections separately, by considering strain compatibility and force equilibrium across 
sections, and are based on age-adjusted effective modulus (Ghali and Favre 1986). 
 
ACI approach 
ACI Committee 318 (2005) uses a multiplier, λ, to account for the combined 
effect of concrete creep and shrinkage in RC beams.  The time-dependent deflection, Δ1, 
due to sustained loading on a RC beam is expressed as:  
 1 iΔλΔ =               (2.1) 
where Δi = short-term deflection, which can be computed using elastic analysis methods 
such as double integration, area-moment, or conjugate beam methods.  The multiplier, λ, 
depends on the duration of sustained loading and compressive reinforcement ratio of 
beam section and is expressed as:     
/501 ρ
ξλ +=                     (2.2) 
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where ξ = time-dependent factor with a value between 0 and 2, depending on the time 
periods at which the sustained load deflections are computed, and ρ/ = compressive 
reinforcement ratio, expressed as As//bd.  Here, As/ = compressive steel reinforcement area, 
b = beam width, and d = effective depth to tensile reinforcement.   
For high strength concrete beams with the concrete cylinder compressive strength, 
fc/, between 30 to 70 MPa, this multiplier is modified by a factor μ (Paulson et al. 1991), 
that is:   
/501 μρ
μξλ +=                        (2.3) 
in which  
μ = 1.39 – 0.000092 fc/             (2.4) 
 For steel fiber reinforced concrete (SFRC) beams, a factor β has been proposed 
which when multiplied by the factor λ, accounts for the effect of steel fiber reinforcement 
on creep and shrinkage of plain concrete.  The value of β was determined experimentally 
and was shown to depend on steel fiber content (Tan et al. 1994a).  For FRP-strengthened 
RC beams, a similar approach may be considered and will be examined in the current 
research. 
  
Approach by Ghali and Favre (1986)  
The method by Ghali and Favre (1986) is based on strain compatibility and force 
equilibrium.  That is, initial curvature of a section, κi, may be obtained from elastic 




M=κ                   (2.5) 
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where Ma = moment due to external load, Ec = elastic modulus of concrete, and Ic = 
moment of inertia of the transformed concrete section about its centroid.  To account for 
the change in curvature due to creep and shrinkage, Ghali and Favre (1986) introduced 
the age-adjusted transformed section, of which the area is given by [Ac + ( )As], 
where Ac = concrete area, Es = elastic modulus of steel bars, As = tensile steel area, and 










EE φλ+=               (2.6) 
Here, λc = aging coefficient determined by tests (Ghali and Favre 1986), and for which a 
value of 0.8 is frequently assumed.  Also, 
0t,t
φ = creep coefficient at time t with the load 
applied at time t0.   
In this approach, the change in curvature due to creep and shrinkage is first 






εκφ +=Δ            (2.7) 
in which εsh,t = shrinkage strain in concrete if it were free to shrink up to the time t, and yc 
= centroid of the concrete compressive area measured from the centroid of age-adjusted 
transformed section.  Subsequently, the restraining force is removed by applying an equal 
and opposite force in the age-adjusted transformed section, resulting in the following 





Δ=Δκ               (2.8) 
where I = moment of inertia of the age-adjusted transformed section.  Substituting Eq. 
(2.7) into Eq. (2.8), gives the change in curvature during the period t0 to t, that is: 
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εφκκ +=Δ                  (2.9) 
The creep coefficient, 
0t,t
φ , and shrinkage strain, εsh,t, are taken as (ACI 
























−=                 (2.11) 
for moist cured concrete.  In Eq. (2.10), t0 is the age of concrete at which the sustained 
load was applied whereas in Eq. (2.11), it is at the onset of drying.  Also, uφ = ultimate 
creep coefficient, and εsh,u = ultimate shrinkage strain.  The values of uφ and εsh,u are 
suggested as 2.35 and 780 x 10-6, respectively, for “standard” condition.  The short- and 
long-term deflection of RC beam can be obtained by double integrating the 
corresponding curvatures along the member. 
The ACI Committee 209R (1992) equations for creep coefficient and shrinkage 
strain of plain concrete were used for steel fiber reinforced concrete by Ezeldin and Shiah 
(1995), who adopted Ghali and Favre’s approach (1986) to compute the long-term 
curvature and deflection of SFRC beams.  The analytical results showed good correlation 
with test data. 
In another study, Tan et al. (1994b) used the ACI Committee 209R (1992) 
expressions to curve-fit the creep coefficient or shrinkage strain versus time curves 
obtained from compressive creep and shrinkage tests conducted on steel fiber reinforced 
concrete.  In the same study, Effective Modulus Method (EMM) and Adjusted Effective 
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Modulus Method (AEMM) were used to calculate the long-term deflection of SFRC 
beams.   
In EMM approach, an effective elastic modulus (Ee) is adopted to consider the 
creep effect.  The value of Ee can be calculated using Eq. (2.6) excluding the aging 
coefficient.  Once the value of Ee is known, the position of neutral axis can be determined 
from cracked section analysis considering strain compatibility and equilibrium of forces.  
Therefore, knowing the value of cracked moment of inertia and subsequently effective 
moment of inertia, the deflection due to creep is calculated using the elastic formula.  On 
the other hand, the deflection due to shrinkage is calculated following the fictitious 
tensile force method (Branson 1977).  In AEMM approach, the deflections due to creep 
and shrinkage are calculated together using the age-adjusted effective modulus of 
elasticity (Eq. 2.6).  Details of the analytical procedure are given in Appendix A.     
In a 10-year study initiated by Tan et al. (1994a, b), steel fibers were found to 
reduce the long-term deflection of RC beams by about 35% for beam with 2.0% fiber 
content (by volume).  The steel fibers were more effective in reducing long-term 
deflections in beams subjected to sustained load higher than the design service load (Tan 
and Saha 2005).  Also, the approaches mentioned earlier were found to give reasonably 
accurate predictions.  Details of the findings are also given in Appendix A.     
The ACI Committee 209R (1992) equations for creep and shrinkage of plain 
concrete may be used for FRP-strengthened RC beams.  By considering strain 
compatibility and force equilibrium, and considering the contribution from FRP laminate, 
an elastic analysis can be carried out to calculate the long-term deflection.  This will be 
examined in the current research.   
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Approach by Gilbert (1999) 
A simple method was derived by Gilbert (1999) following the Ghali and Favre’s 
approach (1986) to compute the creep and shrinkage deflection of RC beams.  The load 





φκκ 0,1 ttit                                 (2.12) 
where α accounts for the effect of cracking and braking action of the reinforcement bars 
and is typically in the range of 1.0 to 1.6 for uncracked sections and 4 to 10 for cracked 
sections.  Simplified expressions of α have been developed for design purpose based on 
the data calculated for a wide range of cracked and uncracked cross-sections using age-
adjusted transformed sections.   
Simplified expressions for the curvature induced by shrinkage for a reinforced 
























2.1 εκ   for a cracked section                       (2.14) 
Here h = overall depth of the member.  The deflection may be obtained by double 
integration of the curvature. 
 For SFRC or FRP-strengthened RC beams, simplified expressions similar to Eqs. 
(2.13) and (2.14) may also be developed by performing parametric analysis. 
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2.2.2 Effect of Concrete Fatigue Damage 
Deflection also increases due to fatigue damage of concrete caused by the 
application of cyclic loading.  Different studies on RC beams (Balaguru and Shah 1982, 
Lovegrove and Salah-el-din 1982) showed continuous increase in deflections with cyclic 
loading.  This increase in deflection is slightly higher at the maximum load level than it is 
at the minimum load.  This indicates a slight decrease in beam rigidity due to the fatigue-
tensile cracking with an increase in number of load cycles.  Deflection due to cyclic 
loading is also known to be a function of cyclic creep of concrete in the compression 
zone.   
Considering these effect, Balaguru and Shah (1982) proposed an analytical 
method to calculate the deflection due to cyclic loading.  They considered the cyclic 
creep strain, εc,N, of concrete, as proposed by Whaley and Neville (1973), to consist of a 
mean strain component produced by the static mean stress and a cyclic strain component 
which depends on the stress range, expressed as: 
( ) 31,  87.31129 tff mNc Δ+=ε            (2.15) 
where N = number of cycles, and t = time after the beginning of loading in hours.  Eq. 
(2.15) expresses the cyclic creep strain as a function of time, rather than number of cycles, 
and the equation was obtained from testing specimens at a frequency of 585 cycles per 
minute.  Here, mf  and fΔ  are both non-dimensional terms, defined as: 




ff +==               (2.16) 




ff −=Δ=Δ                   (2.17) 
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where fmax and fmin = maximum and minimum stress, respectively, in concrete which can 
be computed from bending theory based on elastic cracked section analysis.  Once the 
creep strain in concrete is known, an effective cycle-dependent secant modulus of 











=                                    (2.18) 
 The progressive reduction of stiffness in tension-zone concrete due to the fatigue-








Nff crNcr                    (2.19) 
where fcr = initial modulus of rupture of concrete, and fcr,N  = modulus of rupture of 
concrete after N cycles of loading.  This relation is based on the observation that the 
fatigue strength of concrete is the same in compression, tension, or flexure, when 
expressed as a fraction of the corresponding static ultimate strength. 
 A step-by-step approach was proposed by Balaguru and Shah (1982) to calculate 
the deflection of RC beam due to cyclic loading as follows: (1) calculate the gross 
moment of inertia, Ig from section properties; (2) calculate the neutral axis depth, xN from 
section properties and modified material properties after any number of cycles, N, using 
cracked section based on strain compatibility and equilibrium of forces; (3) calculate the 
cycle-dependent cracked moment of inertia, Icr,N;  (4) calculate the effective moment of 
inertia, Ie,N using Mcr,N which can be calculated from fcr,N , that is, 
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⎛=         (2.20) 
and (5) calculate the beam deflection following any elastic analysis using Ee,N  (Eq. 2.18) 
and Ie,N.  The method was compared with the test results from Bhuvasorakul (1974), 
Kormeling et al. (1980), Jagadish Lal (1980), and Lovegrove and Salah-el-din (1982) and 
was found to be reasonably accurate.   
 In the study by Lovegrove and Salah-el-din (1982), an empirical equation was 
proposed to calculate the deflection due to cyclic loading as: 
NiN log.225.0 Δ=Δ            (2.21)   
This equation was found to be in good agreement with the experimental results recorded 
by previous investigators (Snowdon 1971, Sparks and Menzies 1973) (see Fig. 2.2).   
 The contribution of discrete steel fibers on fatigue life was also investigated 
several times (Daniel and Loukili 2002, Ong et al. 1997, Spadea and Bencardino 1997).  
However, studies on the contribution of steel fibers towards restraining deflection due to 
cyclic loading are very few.  On the other hand, several experimental studies have been 
performed on FRP-strengthened RC beams under cyclic loading (Breña et al. 2005, 
Heffernan and Erki 2004, Shahawy and Beitelman 1999, Wu et al. 2003).  Most of these 
studies dealt with the increase in fatigue life of the structures due to externally bonded 
carbon FRP (CFRP) laminates.   
Among these studies, Breña et al. (2005) discussed the cumulative deflection and 
strain due to cyclic loading on two series of beams.  The first series of beams measured 
203 mm by 356 mm in cross-section and 2.9 m in total length and were strengthened with 
unidirectional carbon fiber sheets impregnated with epoxy resin.  The second series of 
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beams measured 203 mm by 406 mm in cross-section and 3.2 m in length and were 
strengthened with pultruded CFRP plates bonded with epoxy paste.  They concluded that 
beams subjected to load amplitudes that correspond to service-load conditions in bridges 
did not exhibit significant accumulation of damage up to one million cycles.  On the other 
hand, beams subjected to extreme load conditions in bridges showed significant 
deterioration and failed during cyclic loading as shown in Fig. 2.3. 
Nevertheless, no analytical method has been proposed to calculate the deflection 
of FRP-strengthened RC beams under cyclic loading.  When the FRP laminates are 
bonded externally to RC member, the degradation of elastic modulus and modulus of 
rupture of concrete due to cyclic loading can be modeled using the same equation given 
for conventional RC beams.  Furthermore, any degradation in the properties of FRP 
laminates needs to be accounted for.   
 
2.2.3 Effect of Weathering 
 In most cases, a durable concrete member should be serviceable for a long time 
when exposed to moderate weathering effect from sunlight, rainfall or humidity 
(MacGregor, J. G. 1997).  Among the tropical weathering elements, temperature or 
thermal action might be the most critical ones to affect the long-term deflection of RC 
beams.  When a concrete beam under high temperature is restrained from deforming by 
the reinforcement, internal stresses would develop.  This subsequently increases the 
internal cracking of RC beam and therefore reduces the stiffness of the member.  As a 
result, there would be large deflections, especially if the member is kept under sustained 
loading.  Under sustained loading, concrete creep has been found to increase linearly with 
temperature up to 800C, at which it is about three times the value at ambient temperature.  
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However, although creep develops faster at higher temperature, the long-term creep 
should be lower due to aging of concrete (ACI Committee 435R 1995, Mindess et al. 
2003).   
 With the introduction of steel fiber reinforcement in concrete, cracking due to 
internal stresses from temperature gradient could be reduced.  Therefore, the stiffness of 
the SFRC member would not reduce to the extent of the beam without any steel fibers.  In 
the case of FRP-strengthened RC beams, UV rays, rainfall, humidity, and temperature 
might affect the mechanical properties of FRP laminate significantly.  Once the elastic 
modulus of FRP laminate is reduced, there would be an increase in deflection of the beam 
under subsequent loading.      
 
2.3 Long-Term Crack Widths  
2.3.1 Effect of Concrete Creep and Shrinkage 
Like deflection, crack width also increases due to sustained loading.  Under 
sustained loading, crack width is proportional to the steel strain (including the effect of 
creep), plus the strain induced in the concrete due to shrinkage (ACI Committee 224R 
2004).  Different equations are available to calculate the short-term crack width in RC 
beams (ACI Committee 224R 2004, CEB-FIP Model Code 1990).  The long-term crack 
width could be estimated using the classical slip-theory approach and based on 
experimental data.    
Based on the classical slip-theory approach, the CEB-FIB Model Code (1990) 
recommends the following equation to calculate the crack width:  
( )tshtcmtsmst lw ,,,max, εεε −−=                                 (2.22) 
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where ls,max = the length over which slip occurs between steel bars and the concrete 
(which is approximately defined as the crack spacing), εsm,t and εcm,t = average steel strain 
and concrete strain, respectively, at time t within the length over which slip occurs 
between steel and concrete, and εsh,t = strain of concrete due to shrinkage at time t.  For 




dl ρ63=                    (2.23) 
where db = diameter of steel bar (in mm), and ρs,ef = effective reinforcement ratio, As/Ace .  
Here, Ace = effective concrete area (in mm2) in tension which can be calculated as: 
([ ]dh5.2bAce −= )                   (2.24) 
where b = beam width, h = beam depth, and d = effective depth to tensile reinforcement.   
ACI Committee 224 (ACI Committee 224R 2004), on the other hand, does not 
provide any equation to account for the effect of sustained loading on crack width.  It 
reported a doubling of short-term crack width with time from sustained loading tests of 
up to two years (Illston and Stevens 1972).   
 The increase in crack width, however, was found to be smaller and stabilized at an 
earlier age for SFRC beams than comparable RC ones (Tan et al. 1995, Tan and Saha 
2005).  This is expected as the steel fibers bridging the cracks effectively restrained the 
cracks from growing wider with age.  It was observed that the ratio of time-dependent 
(incremental) crack width, wtf, to short-term crack width, wif, decreases with the fiber 
content, Vf, up to about 0.5% and increases thereafter.  Hence, for Vf > 0.5%, the relation 






32 +=                         (2.25) 
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in which k2 and k3 are experimentally derived constants accounting for the long-term 
effect, which have been determined by Tan and Saha (2005) as 0.276 and 0.120, 
respectively.  The details of the study are reported in Appendix A.  However, the short-
term crack width, wif, of a SFRC beam under a given load has been correlated linearly to 
that of a RC beam without fibers as:  
( ) ifif wVkw 11−=                  (2.26) 
where k1 is an experimental constant to account for fiber properties other than the steel 
fiber content (volume fraction of fibers) and it has been determined as 0.22 (Tan et al. 
1995).     
 FRP system, like steel fiber reinforcement, also has the potential in controlling 
long-term crack widths of RC beams due to sustained loading.  The amount of FRP 
laminate might be a governing factor in restraining the crack widths over time.  However, 
investigations on long-term crack width of FRP-strengthened RC beams under sustained 
loading are rare.   
 
2.3.2 Effect of Concrete Fatigue Damage 
 The structural damage in concrete and the strain induced in steel bars due to 
cyclic loading may result in progressive growth of cracks in RC beams.  Tests indicated a 
doubling of crack width after one million cycles (ACI 224R 2004).  Some semi-empirical 
methods are available for the calculation of the increase in crack width in RC beams due 
to cyclic loading.  In one study, Balaguru and Shah (1982) incorporated the progressive 
reduction in bond transfer between steel bars and concrete with the increase in the 
number of cycles into the classical slip theory approach to calculate the crack width under 
cyclic loading, as described below.   
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According to the classical slip theory approach, the short-term crack width at the 
steel reinforcement level is expressed as: 
( )cmsmi cw εε −= 1                         (2.27) 
Here, c1 is equivalent to maximum crack spacing, ls,max.  For beam under flexural loading, 
it is expressed as: 
∑= OU
Afc cecr21             (2.28) 
where U = bond strength, ∑O = sum of perimeter of steel bars, and fcr and Ace are as 
defined earlier.  Considering cyclic loading, the maximum crack width can be expressed 
as: 
( )N,cmN,sm2N cw εε −=           (2.29)  
where c2, εsm,N and εcm,N are analogues to c1, εsm and εcm, respectively, but including the 
effect of N cycles of loading. 





























        (2.30) 
where c2/c1 may be assumed to be 1.2 based on experimental results.  In deriving the 



















        (2.31) 
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 The restraint on crack widths of RC beams under cyclic loading using discreet 
steel fibers has also been investigated.  Kormeling et al. (1980) tested conventionally 
reinforced concrete beams with and without fibers under fatigue loading up to 10 million 
cycles.  The beams were 100 mm x 152 mm in cross-section and 2.2 m in length.  It was 
observed that the addition of fibers to conventionally reinforced concrete beams 
decreased the crack widths for a given number of cycles.  However, the beneficial effect 
of fibers decreased with increasing volume of conventional steel bars. 
The cracking characteristics of concrete beams strengthened with carbon fiber 
sheets bonded with inorganic matrix was studied by Toutanji et al. (2003).  All the beams 
measured 110 mm x 160 mm in cross-section and 1800 mm in length.  Constant 
amplitude sinusoidal loading ranging from 0.5 to 0.8 of ultimate static load were applied 
on the beams at a frequency of 2 Hz up to a maximum of two million cycles.  With 
increasing number of cycles, the crack width increased for about the first half million 
cycles of loading; thereafter it tended to stabilize as shown in Fig. 2.4. 
In another study, Wu et al. (2003) tested pre-cracked RC beams measuring 150 
mm by 200 mm in cross-section and 700 mm in length.  The beams were strengthened 
with CFRP sheets and the cyclic loading was applied at a frequency of 4 Hz.  The 
investigators found that in beams that were subjected to cyclic loading within the service 
load level up to a maximum of two million cycles, the CFRP laminates had a bridging 
effect on the cracks, the propagation of which was considered as the main reason for the 
stress change in steel bars and reduction in beam stiffness.  However, for beams subjected 
to larger load ranges, the CFRP laminates showed crack restraining properties only up to 
300,000 cycles after which cracks were found to widen significantly. 
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No study, however, has given any prediction formula to estimate the crack width 
of FRP-strengthened RC beam due to cyclic loading.  The prediction could be made 
using the classical slip theory approach incorporating the effect of FRP laminate towards 
reducing the strain in compressive concrete and in tensile steel bars.   
 
2.3.3 Effect of Weathering 
 Similar to long-term deflection, moderate weathering in most cases does not 
produce severe cracking in concrete members.  However, a member that is uncracked 
under normal environmental conditions can-not be assured of remaining in-tact under 
adverse conditions.  In an adverse condition, due to large changes in humidity and 
temperature, drying shrinkage and thermal expansion would develop inside the concrete 
member.  This would create internal tensile stresses and produce micro cracking in 
concrete which might develop into full cracking under subsequent loading (Mindess et al. 
2003).  Due to the crack-arresting properties, steel fibers can contribute substantially to 
limit the crack width.   
 While the FRP laminate is expected to reduce the long-term crack width in RC 
beams in moderate weathering environment, the contribution may not be to that extent in 
case of extreme weathering event.  The synergistic effect of sunlight, moisture and 
humidity might affect the bond of fiber and resin matrix and bond between FRP laminate 
and concrete substrate.  This would eventually reduce the contribution of FRP laminate in 
restraining crack widths.  Hence, research is needed to verify the long-term cracking 
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2.4 Residual Structural Behavior 
Investigations over the years showed that the creep and shrinkage of concrete in 
RC beams due to sustained loading do not have any significant influence on the residual 
structural behavior of the members.  In the recent study by Tan and Saha (2005), the 
residual flexural behavior of aged RC beams which were subjected to sustained loading 
for ten years, was found unchanged except for the initial reduced stiffness of the aged 
beams due to sustained loading effect, when compared to original beams that were 
identical to the aged beams in geometrical and material properties, but not subjected to 
sustained loading.  The details are given in Appendix A.   
In another study, Liew (2003) found no structural degradation of RC beams which 
were subjected to simulated tropical weathering for an equivalent period of six years.  In 
some cases, the study found that the flexural strength of RC beams was enhanced due to 
the curing effect of the weathering elements.   
The investigation by Tan and Saha (2005) (see Appendix A) also explored the 
effect of creep and shrinkage on residual structural behavior of SFRC beams.  Despite ten 
years of sustained loading, the ultimate strength of all the beams remained quite similar.  
During static loading, however, the aged beams had rather lower stiffness in the initial 
stage compared to the corresponding ones in the original series (that is, those not 
subjected to sustained loading).  After that, the beam stiffness was almost the same.  
Overall, the higher the fiber content, the higher was the flexural capacity of the beams.     
Very few studies have addressed the effect of sustained or cyclic loading on the 
residual structural behavior of FRP-strengthened RC beams.  This is of concern as the 
degradation of the mechanical properties (tensile strength, elastic modulus) of FRP 
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laminate occurs under sustained or cyclic loading.  The bond characteristics between the 
adhesive and adherent could also be affected, which could lead to premature failure of 
beams.   
In one study, Gheorghiu et al. (2004) reported the influence of cyclic loading on 
the residual strength of CFRP-strengthened RC beams.  The beams were 100 mm by 150 
mm in cross-section and 1.215 m in length.  The test consisted of 400000, 800000, and 
2000000 cycles and the load was applied at a frequency of 2 Hz between 15-35% and 
75% of the steel yielding moment.  They found no clear influence of cyclic loading on 
the monotonic post-fatigue behavior (load-deflection characteristics) of the beams. 
Several other research studies have been conducted on the residual structural 
performance of FRP-strengthened RC beams that were subjected to different weathering 
conditions before being loaded to failure.  A study was carried out by Almusallam et al. 
(2001) on beam specimens of 150 mm by 150 mm in cross-section and 1.2 m in span 
length.  The beams were strengthened with unidirectional glass FRP laminates with or 
without UV protection paint and subjected to different exposure conditions.  After 
specific time periods, they were tested statically to failure.   
The study revealed that under a 12-month exposure period, the solar radiation did 
not cause any deterioration on the GFRP laminate without UV protection paint.  During 
the 6- and 12-month test periods, none of the wet-dry conditions considered in the study 
appeared to have played a significant influence on the flexural strength or rigidity of the 
beams.  The flexural rigidity of the beams was even found to have been enhanced 
compared to the control beams.   
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Previous works by Chajes et al. (1995), however, indicated a noticeable strength 
degradation for different types of GFRP-strengthened beams (the loss being about half of 
the strength increment due to GFRP system) under similar environmental conditions even 
though the exposure period was much lesser than six months (Fig. 2.5).  This may be 
attributed to the poor quality of the epoxy used in the study, which would have otherwise 
acted as a barrier between the GFRP laminate and the environment.  On the other hand, 
beams bonded with CFRP laminate showed the least degradation (of about 15%) of the 
enhanced strength under the same exposure condition.  
In a study by Leung et al. (2001), the behavior of steel plate-strengthened and 
CFRP-strengthened concrete beams (75 mm x 75 mm x 300 mm in size and without any 
internal reinforcement) were compared with that of the control beams under different 
exposure conditions of water immersion (with specimens kept in water tank at 270C), 
wetting-drying cycle (with specimens kept in water tank and in control room for half a 
week in each case), constant moisture condition (with specimens kept in control room at 
a temperature of 25±20C and RH of 65±2%) and heating/cooling cycle (kept in a oven at 
600C for half a week and then in the control room for half a week).   
According to the test results, it was found that FRP-strengthened beams subjected 
to elevated temperature (heating/cooling cycle) showed improvement in the loading 
response while water immersion gave rise to reduction in the flexural capacity.  
Prolonged exposure of FRP-strengthened concrete beams to water immersion led to 
further degradation.  This study indicates that a change of exposure condition affects not 
only the mechanical properties of concrete matrix and plating materials, but also the 
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interface bonding performance provided by the adhesive.  Accordingly, the overall 
structural response may be altered. 
Liew (2003) studied the accelerated weathering effect of tropical climate on RC 
beams (100 mm x 100 mm x 700 mm) strengthened with GFRP laminates.  It was 
concluded that the GFRP-strengthened RC beams showed the same failure mode when 
protected from weathering effect while short-term outdoor weathering (of less than one 
month) enhances the flexural behavior.  It was also concluded that exposure periods of 
six to nine months resulted in the change of failure mode from concrete crushing to brittle 
GFRP rupture with a marginal drop of 2% in flexural capacity whereas accelerated 
weathering for one year (equivalent to six years outdoor) would reduce the flexural 




 In this chapter, a literature review on RC beams regarding its long-term structural 
behavior (deflection, crack width, and residual strength) is presented.  For each structural 
behavior, the effect of concrete creep, shrinkage, and fatigue damage are elaborated.  
Also, the effect of weathering is reported.  Focus was placed on the improvement in long-
term structural behavior of RC beams due to discreet steel fiber reinforcement and 
external FRP system.   
The long-term deflection of RC beams under sustained loading is affected by 
concrete creep and shrinkage.  To account for the combined effect of creep and shrinkage, 
ACI Committee 318 (2005) proposed the use of a multiplier.  However, ACI Committee 
209R (1992) suggested equations to account for concrete creep and shrinkage separately.  
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These equations were used by Ghali and Favre (1986), who introduced the concept of 
age-adjusted transformed section, to calculate the long-term deflection.  The concept was 
later used by Gilbert (1999) to develop simplified expressions for the calculation of 
deflection.  The ACI Committee 209R (1992) expressions for creep and shrinkage and 
the concept of age-adjusted transformed section were also used for steel fiber reinforced 
concrete (SFRC) beams by Tan et al. (1994) and Ezeldin and Shiah (1995).  They found 
significant improvement in long-term deflections of RC beams using discreet steel fiber 
reinforcement.  In FRP-strengthened RC beams, the creep and shrinkage of FRP laminate 
also may be significant which will be examined in the current research.  
Long-term deflections of RC beams are affected by concrete fatigue damage 
when the beams are subjected to cyclic loading.  Whaley and Neville (1973) developed 
expressions to account for cyclic creep strains which were later used by Balaguru and 
Shah (1982) to calculate the deflection.  The deflection was found to be lesser with SFRC 
beams and carbon FRP (CFRP)-strengthened RC beams by several investigators.   
The effect of weathering on RC beams was also assessed by several researchers.  
Although, weathering has insignificant effect on the long-term deflection of conventional 
RC beams, it might affect the FRP systems which are externally bonded to RC beams, 
thereby resulting in larger deflections in such strengthened beams. 
Long-term crack widths of RC beams under sustained loading also depend on 
concrete creep and shrinkage.  CEB-FIB Model Code (1990) incorporated this fact in the 
classical slip-theory approach to calculate the long-term crack width.  ACI Committee 
224R (2004) reported doubling of short-term crack width in two years under sustained 
loading.  Steel fiber reinforcement was found effective in bridging the cracks in RC 
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beams in the long-term.  FRP laminate also has the potential to restrain cracks in the 
long-term as the tensile stress would be distributed between the steel bars and FRP 
laminate. 
Fatigue damage due to cyclic loading also increases the crack widths of RC 
beams.  For the calculation of crack widths, Balaguru and Shah (1982) proposed an 
analytical method which account for the progressive reduction in bond transfer between 
steel bars and concrete due to fatigue tensile cracks.  The crack widths were found 
effectively controlled by steel fiber reinforcement.  In the presence of weathering, the 
controlling effect may not be to that extent, especially for external FRP system.  The 
degradation in bond of fiber and resin matrix and bond between FRP laminate and 
concrete substrate due to weathering might be crucial.   
 While the residual structural behavior of RC and SFRC beams was found to be 
not much affected by concrete creep, shrinkage, fatigue damage and by weathering, the 
scenario might be different for FRP-strengthened RC beams.  The degradation of the 
mechanical properties (tensile strength, elastic modulus) of FRP laminate, including bond 
characteristics between the adhesive and adherent might occur, which could lead to 
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Fig. 2.2  Comparison of Calculated Deflections with Measured Values  
     (Lovegrove and Salah-el-din 1982) 
 
 34
Chapter 2: Literature Review                                                                                                    
 
Beams under  
extreme load 





Fig. 2.3  Increase in Average Measured Steel Strains with 
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Fig. 2.4  Crack Width vs. Number of Cycles (Toutanji et al. 2003) 
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Fig. 2.5  Effect of Number of Weathering Cycles on Ultimate  






















Fig. 2.6  Load-Deflection Response of Beams kept in Weathering Chamber  
         for Various Exposure Period (Liew 2003)  
































                     
 
LONG-TERM BEHAVIOR OF FRP-STRENGTHENED 





The principal factors that affect the long-term deflection of RC beams under 
sustained loading are the creep and shrinkage of concrete.  The strain induced in the steel 
bars due to the effect of creep, plus the strain induced in the concrete due to shrinkage, is 
also known to be responsible for crack widening over a long period.  Major factors 
governing the rate of increase and ultimate values of creep and shrinkage of concrete 
include mix proportions, compressive strength, age at which loading is applied, stress 
level at which the concrete is subjected to, and environmental conditions during curing 
and during the service life of the structure (Paulson et al. 1989).   
Creep is a phenomenon in which the material strain increases under constant 
(sustained) loading.  Two mechanisms of concrete creep may be distinguished: short- and 
long-term creep.  Short-term creep is a consequence of the redistribution of capillary 
water within the structure of the hardened cement paste, and long-term creep is a 
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consequence of displacement of gel particles under load and, to a lesser extent, of creep 
of the gel particles (Ojdrovic and Zarghamee 1996). 
For FRP-strengthened RC beams under sustained loading, the additional creep in 
FRP laminate, and in particular in the polymer matrix, will affect the long-term deflection 
and cracking of the beams.  The effect of continued application of stress on the polymer 
matrix causes a straining of the molecular bonds which is slow to reach an equilibrium 
state and so the material continues to deform for long periods after application of the 
load.  The creep rate can be reduced by a decrease in molecular movement and this can 
be partially achieved in thermosetting resin matrix by ensuring full curing of the resin. 
 Shrinkage in concrete occurs as the concrete decreases in volume due to de-
hydration.  That is, the decrease in volume is due to changes in the moisture content of 
the concrete and other physico-chemical changes, which occur without stresses 
attributable to external actions on the concrete (ACI Committee 209R 1992).  In 
reinforced concrete, the reinforcement bars will inhibit the concrete volume from 
shrinking and therefore will cause curvature to occur (Fling 1974, Salmon et al. 1974).   
In FRP-strengthened RC beams, the shrinkage of concrete will be inhibited by the 
external FRP system although the degree of inhibition depends on the type of resin matrix 
used in the FRP system.  All types of resin do not shrink to the same extent or to the 
extent of concrete.  The shrinkage of epoxy resin that is used most commonly in FRP 
system is much smaller than other types of resins, being of the order of 2 % by volume 
(Holmes and Just 1983). 
In this chapter, an experimental and analytical investigation made on long-term 
deflection and cracking characteristics of glass FRP (GFRP)-strengthened RC beams 
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under sustained loading is reported.  A comparative study was carried out with the 
deflection and crack width of conventional RC beams.  An analytical method is also 
explained to calculate the short-term deflection of FRP-strengthened RC beams.  For the 
calculation of long-term deflection, the applicability of ACI approach (ACI Committee 
318 2005) is assessed.  Also, two analytical methods based on effective modulus and 
adjusted effective modulus, are proposed.   
As the equations available for conventional RC beams are found not appropriate 
for the calculation of the short-term crack width in FRP-strengthened RC beams, a 
regression analysis is carried out on available test data from different sources to establish 
a new equation.  The long-term crack width is then related to the short-term crack width 
by empirical equations which are derived from the test results obtained in the current 
study. 
 
3.2 Experimental Investigation 
The experimental investigation was performed on RC beams strengthened with 
external GFRP system subjected to different sustained load levels up to a period of about 
2¾ years.  The long-term deflection and crack width were monitored at intervals during 
that period.  
  
3.2.1 Test Program 
The test program for this study is shown in Table 3.1.  A total of nine beams were 
fabricated.  Three beams (designated with a prefix CB) were not bonded with FRP 
system.  Another three beams (with prefix GB1) were bonded with one layer (0.8 mm in 
thickness) of GFRP laminate.  The corresponding FRP reinforcement ratio, ρfrp, defined 
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as the area of FRP laminate divided by the gross concrete area, is thus calculated as 
0.64%.  The remaining three beams (with prefix GB3) were bonded with three layers (2.4 
mm in total thickness) of GFRP laminate with a corresponding reinforcement ratio, ρfrp of 
1.92%.  The FRP ratios were chosen such as to facilitate comparison among beams under 
the same sustained load ratio, as explained later.   
Three of the beams (one each of the beams with ρfrp of 0%, 0.64%, and 1.92%) 
were loaded to the service load level (defined as the ultimate flexural strength, Pu, 
divided by a factor of 1.7, or Ps = 0.59Pu) of the beam without FRP system.  The factor 
1.7 is considered taking account of the usual load carried by any structural member under 
service condition.  In the same way, three each of the remaining six beams were loaded to 
the service load level of the GFRP-strengthened RC beams with ρfrp of 0.64% and 1.92%, 
respectively.   
The suffix to the beam designation denotes the sustained load level as a 
percentage of the beam’s calculated ultimate flexural strength.  The flexural strength of 
FRP-strengthened RC beam was calculated analytically considering strain compatibility 
and equilibrium of forces and taking account three different failure modes: (1) concrete 
crushing, (2) FRP debonding, and (3) FRP rupture.  All the test beams were analytically 
found to fail by concrete crushing preceded by steel yielding.    
 
3.2.2 Material Properties 
3.2.2.1 Concrete Mix 
To achieve a 28-day concrete cube compressive strength of 40 MPa, a mix 
proportion of 1:1.96:2.6 by the weight of Ordinary Portland Cement, natural sand and 
crushed granite of 10 mm nominal size was used to cast the beams.  The cement content 
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was 394 kg/m3 of concrete and the water-cement ratio was 0.53.  No accelerator or super 
plasticizer was used.  A total of six cubes (100 x 100 x 100 mm), six cylinders (150 mm 
in diameter and 300 mm in height) and six prisms (100 x 100 x 400 mm) were also cast 
to determine the concrete cube strength, modulus of elasticity, and modulus of rupture, 
respectively.  The concrete cube compressive strength was found to be about 40 MPa as 
targeted, while the modulus of elasticity and modulus of rupture were found to be about 
27.2 GPa and 4.67 MPa, respectively. 
 
3.2.2.2 Steel Bars  
Tests were conducted in an Instron universal testing machine to measure the yield 
strength and elastic modulus of steel bars.  Two types of steel bars were used: hot-rolled 
deformed high yield bars, 6 and 10 mm in diameters (designated as T6 and T10, 
respectively), and plain round mid steel bars, 6 mm in diameter (R6).  The average yield 
strength was 525, 520, and 212 MPa and elastic modulus was 183, 194, and 200 GPa for 
T6, T10, and R6 bars, respectively. 
 
3.2.2.3 Glass Fiber Reinforced Polymer System 
Uni-directional E-glass white fiber sheet was used as fiber reinforcement.  The 
fiber sheet has areal weight density of 915 g/m2, design tensile strength of 1700 MPa, and 
design tensile modulus of 71 GPa.  The fiber sheet was impregnated in a two-part (with 
resin to hardener mixing ratio of 3 to 1), 100% solid, low viscosity amine cured epoxy 
(translucent blue in color) to form the GFRP laminates.  The tensile strength of epoxy is 
54 MPa and the tensile modulus is 3 GPa.  The GFRP laminates were measured as 0.8 
mm thickness per layer.  The detail properties of glass fiber sheet and resin, as supplied 
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by the manufacturer, are shown in Table 3.2.  The longitudinal elastic modulus of 
unidirectional GFRP laminate (Efrp) was determined following the rule of mixture as 
given in Eq. (3.4).  Primer was used, according to the manufacturer’s instructions, to 
prepare the beam surface to give high tensile bond strength to the system being used.  
The primer used is a 100% solids polyamine-cured clear epoxy.  It also helps in filling air 
voids and bug holes in concrete beam surface.   
 
3.2.3 Specimen Fabrication 
The beam configuration is shown in Fig. 3.1.  All beams were 100 x 125 mm in 
cross-section and 2 m in length.  They were longitudinally reinforced with two T10 bars 
as tensile reinforcement and two T6 bars as compressive reinforcement.  The tensile steel 
bars was placed at a depth of 99 mm while the compressive steel bars was placed at 24 
mm from the top face.  R6 links were placed at a spacing of 75 mm throughout the entire 
length of the beams so as to prevent them from failing in shear.  All beams were covered 
with wet gunny sacks for seven days and then left to dry in the laboratory.   
The GFRP system was installed twenty one days after casting following the wet 
lay-out procedure.  To facilitate bonding of the glass fiber sheets, the tension soffits of 
the beams were mechanically ground until the aggregate face is exposed.  The beam face 
was thoroughly cured and was made free of oils, curing solutions, or dust.  The beams 
were dried properly before applying primer.  The beam face was made leveled prior to 
fiber sheet installation.  The epoxy resin was applied in the fiber sheet longitudinal 
direction in order to impregnate and replenish resin into the sheet.  At the cut-off points 
of the FRP system near the end of the beam, a carbon fiber sheet was attached 
transversely to prevent premature plate-end debonding of the FRP system.  Fig. 3.2 
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shows the strengthened beams at curing stage.  The beams were subjected to sustained 
loading at 28 days after casting.  
  
3.2.4 Test Set-up and Instrumentation 
The beams were simply supported over a span of 1800 mm on a steel frame as 
shown in Fig 3.3.  Loads were applied using concrete blocks and steel plates at four 
points along the span to simulate uniform loading.  Deflections were measured using two 
dial gauges which have an accuracy of ±0.01 mm.  The dial gauges were placed at mid-
span at 10 mm distance away from the front and back faces of the beam to check for any 
unintentional rotation of the beams due to loading.  The average of the two dial gauges 
readings was taken as the mid-span deflection.  Strain gauges of 30 mm length were 
mounted on the FRP laminates at mid-span.   
Crack widths were measured using a hand held microscope with an accuracy of 
±0.02 mm.  Readings were taken after 1, 3, 5, 7, 10, 14, 21 days, weekly up to 3 months, 
every 15 days till 6 months, every 1 month till one year and every 3 months thereafter up 
to about 2¾ years. 
 
3.3 Analytical Considerations 
 An analytical method is presented to calculate the short-term (instantaneous) 
deflection of FRP-strengthened RC beams.  To calculate the long-term (time-dependent) 
deflection, the applicability of ACI approach (ACI Committee 318 2005) is assessed.  
Next, two approaches based on effective modulus and adjusted effective modulus, are 
proposed.  The effect of the interface on deflections is considered small and is therefore 
neglected.  To calculate the short-term crack width, an empirical equation based on 
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regression analysis of test data from different studies is proposed.  Also, empirical 
formulae, based on the test results for the last 2¾ years obtained in this study, are 
proposed to calculate the long-term crack width. 
 
3.3.1 Calculation of Deflections 
3.3.1.1 Short-Term Deflection 
The short-term deflection of a simply supported elastic beam of span length l, 





5=Δ                                                                                                                (3.1) 
where Ec = elastic modulus of concrete, and Ie = effective moment of inertia, which, 
based on Branson’s (1977) formula, is given by:  























⎛=                                                                   (3.2) 
where Mcr = cracking moment, Ma = maximum applied moment, and Ig and Icr = moment 
of inertia of a gross and a cracked section, respectively.   
For an uncracked FRP-strengthened RC beam with a rectangular cross-section 
(Fig. 3.4), the moment of inertia can be evaluated based on gross section (Ig) or 
transformed section (It), that is,   














       (3.3) 
where b, bfrp = width of beam and FRP laminate, respectively, h = beam height, x = 
neutral axis depth for an uncracked section, n = Es/Ec = modular ratio of steel to concrete, 
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nfrp = Efrp/Ec = modular ratio of FRP laminate to concrete, As = total area of tensile steel 
bars, As/ = total area of compressive steel bars, d = distance from the top compressive 
fiber to the centroid of tensile steel bars, d/ = distance from the top compressive fiber to 
the centroid of compressive steel bars, and tfrp = thickness of FRP laminate.  From the 
rule of mixture, the elastic modulus of FRP laminate, Efrp can be expressed as (Gibson 
1994): 
mmfffrp VEVEE +=                 (3.4) 
Here, Ef and Em = elastic modulus of fibers and resin, respectively, Vf = volume fraction 
of fibers and Vm = volume fraction of resin.   
 For a cracked rectangular section, the moment of inertia, Icr, can be expressed as: 
( ) ( ) ( ) ( 22//23 1
3
xhtbndxAnxdnAbxI frpfrpfrpsscr −+−−+−+= )                     (3.5) 
where the neutral axis depth for a cracked section, x, can be determined considering force 
equilibrium and strain compatibility.   






















                     (3.6) 
where Cc = compression force in concrete, Cs = force in compressive steel, Ts = force in 
tensile steel, Tfrp = tension force in FRP laminate, fi = top fiber stress in compressive 
concrete, εc = top fiber strain in concrete, ε/s = strain in compressive steel bar, εs = strain 
in tensile steel bar, and εfrp = strain in FRP laminate.   
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The strains in the compressive steel bars, tensile steel bars, and in FRP laminate 





















                (3.7) 
ufrpcfrp x
xh
,8.0 εεε ≤−=  
in which f/y and fy = yield strengths of compressive and tensile steel bars, respectively, 
and εfrp,u = ultimate strain of FRP laminate.  The value of εfrp,u is multiplied by a factor of 
0.8 to account for the lower rupture strains of FRP laminate that is bonded to beams 
compared to those measured from direct tensile test (Bonacci and Maalej 2001).  The 
factor 0.8 was derived by Bonacci and Maalej (2001) by considering an extensive data 
base from 23 separate studies on FRP-strengthened RC beams. 
 
 3.3.1.2 Time-Dependent Deflection 
 To determine the time-dependent deflection, three approaches, namely, the ACI 
approach (ACI Committee 318 2005), Effective Modulus Method (EMM), and Adjusted 
Effective Modulus Method (AEMM) are considered.   
 
(a) ACI Approach (ACI Committee 318 2005) 
 According to ACI Committee 318 (2005), the long-term deflection of RC flexural 
members due to creep and shrinkage of concrete is obtained by multiplying the 
instantaneous deflection by a factor, λ.  The multiplier, λ, depends on duration of 
sustained loading and compressive reinforcement ratio of beam section and is expressed 
as:     
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/501 ρ
ξλ +=                     (3.8) 
where ξ = time-dependent factor between 0 and 2, depending on the time periods for 
which sustained load deflections need to be computed, and ρ/ = compressive 
reinforcement ratio, expressed as As//bd. 
 
(b) Effective Modulus Method  
This method calculates the total deflection as the sum of the “deflection 
considering creep effect” and the “deflection due to concrete shrinkage”.  To consider 






E φ+=                                   (3.9) 
where t0 = age of concrete at the time of application of loading, t = time at which 
deflection is to be computed and 
0,tt
φ  = creep coefficient of concrete at time t, which  









−=φ                                                                                                          (3.10) 
where a, b, c = empirical constants, which may be obtained from creep tests on cylinder 
specimens.   
 The creep effect of FRP laminate can be similarly considered using an effective 





E φ+= 1,        (3.11) 
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Here, the creep coefficient for FRP laminate, frpφ , is defined as the increment in FRP 




εεφ −=               (3.12) 
The increment in FRP strain is most obvious in bidirectional (woven roving) form of 
laminate whereas it is the least in the case of unidirectional (roving) FRP laminate.  The 
value of frpφ can be derived from the following relationship for a given stress level 









εε            (3.13) 
where t = time in hours after application of loading, t0 = 1 hour and m = slope of the best-










tφ     (3.14) 
The values of Ee and Efrp,t are then used in the transformed section analysis to get 
Icr,t.  This is then used in Eq. (3.2) to compute Ie,t.  Then, replacing Ec and Ie by Ee and Ie,t, 
respectively in Eq. (3.1), the “deflection considering creep effect” is calculated.   
The curvature due to shrinkage of concrete in an asymmetrically reinforced 
concrete member can be found by the fictitious tensile force method (Branson 1977) as: 
t,cre
sh IE
Te=κ       (3.15) 
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Here, T = fictitious compression force induced in the steel bars and FRP laminate, and e 
= eccentricity of the steel bars and FRP laminate measured from the centroid of the 
uncracked transformed concrete section.  For a FRP-strengthened RC beam section: 
( ) ( ) ( )[ ] tshtfrpfrpfrpssss xhEtbdxEAxdEATe ,,// ε−+−−−=         (3.16) 
where εsh,t = shrinkage strain at time t.  The shrinkage strain can be expressed as: 
u,sh/t,sh t
t εαε +=  (3.17) 
where = empirical constant and εsh,u = ultimate shrinkage strain.  The main component 
responsible for the shrinkage of FRP laminate is the resin and epoxy resin is known to 
have shrinkage of the order of 2% by volume (Holmes and Just 1983).  In this 
investigation, this is considered to be insignificant.  The “deflection due to concrete 




1 lshsh κΔ =      (3.18) 
This deflection will be added to the previously determined “deflection considering creep 
effect” to get the total deflection. 
 
(c) Adjusted Effective Modulus Method 
The total strain εc,t, in concrete at time t, resulting from an initial stress fi at age t0, 











−+=            (3.19) 








// εε                (3.20) 
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E φλ+=                (3.21) 
in which λc = reduction factor on the creep coefficient (Ghali and Favre 1986), that 
accounts for the fact that the incremental stress, (ft – fi), is not fully imposed from the 
beginning.  The value of λc for normal strength concrete can be assumed as 0.8 (Ezeldin 
and Shiah 1995; Gilbert 1999).  
The equilibrium of tension and compression forces on a section at any time, t, 
















































            (3.22) 
where the symbols are as defined earlier.  Taking moment about the line of action of the 
force in the FRP laminate and equating the resisting moment to the applied moment, it 
can be shown that: 






















































ε        (3.23) 
Hence, the neutral axis, xt, can be determined following a trial and error 
procedure: (a) choose any value of xt and calculate εc,t from Eq. (3.23); (b) replace the 
value of εc,t and xt in Eq. (3.22) to check for the equilibrium of compression forces (left-
hand side of Eq. 3.22) and tension forces (right-hand side); and (c) repeat steps (a) and 
(b) until the force equilibrium is established.   
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Thence, the same procedure as in the Effective Modulus Method is followed to 
determine the value of Icr,t and therefore Ie,t.  The total deflection can be calculated by 
replacing Ec by Ee//and Ie by Ie,t in Eq. (3.1). 
 
3.3.2 Estimation of Crack Widths 
3.3.2.1 Short-Term Crack Width 
 To control cracking in conventional RC beams, several short-term crack width 
equations (ACI Committee 224R 2004, CEB-FIP 1990) had been proposed, and beams 
are designed so that the computed crack width under the service loads is less than 
predefined allowable values.  However, these equations have not been verified for use in 
the FRP-strengthened RC beams.  In this regard, this study was aimed at assessing the 
applicability and accuracy of these existing short-term crack width equations for FRP-
strengthened RC beams.  Consequently, a new empirical equation for FRP-strengthened 
RC beams, based on correlation and regression analysis of available test data is proposed.   
 
(a) Conventional RC Beams 
The ACI Committee 224R (2004) formula for crack width is based on Gergely 
and Lutz (1968) equation, which was derived by statistical analysis of experimental data 
from a number of sources and is considered the best among the available methods to 










w          (3.24) 
where wi = maximum crack width at the level of tensile steel bars (in.), tb and ts = bottom 
and side cover to the center of nearest tensile steel bars (in.), respectively, A = area of 
concrete symmetric with tensile steel bars, divided by the number of bars (sq. in.), h1 = 
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distance from neutral axis to the center of tensile steel bars (in.), and fs = stress in tensile 
steel bars (ksi). 
 In this equation, the steel stress, fs, is considered as the primary variable.  The 
second major variable, A, depends on the effective concrete area in tension and accounts 
for the bottom or side covers, and arrangement and number of tensile steel bars.  The 
effective concrete cover which is based on the side cover and the location of the concrete 
compression zone was also considered in this equation.   
On the other hand, CEB-FIB Model Code (1990) recommendation on crack width 
calculation is based on the classical slip-theory approach and is expressed as:  
( )shcmsmsi lw εεε −−= max,                           (3.25) 
where ls,max = the length over which slip occurs between steel bars and the concrete 
(approximately defined as crack spacing), εsm and εcm = average steel strain and concrete 
strain, respectively, within the length over which slip occurs, and εsh = strain of concrete 






max, 6.3 ρ=                      (3.26) 
where db = diameter of steel bar (mm), ρs,ef = effective reinforcement ratio, As/Ace, in 
which As = area of tensile steel bars (mm2), and Ace = effective concrete area in tension 
(mm2) which can be calculated as: 
([ dhbAce −= 5.2 )]               (3.27) 
with b = beam width at the tension side, h = section depth, and d = effective depth to the 
centroid of tensile steel bars. 
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These ACI (ACI Committee 224R 2004) and CEB-FIP Model Code (1990) 
equations were used to calculate the crack widths for conventional RC beams that were 
included in three different studies (current study, Jaffrey 1998, and Liew 2003) on FRP-
strengthened RC beams.  In calculating the crack widths using ACI (ACI Committee 
224R 2004) equation, the dimensional and stress values were converted to imperial units.  
However, the comparison with the test results is shown in SI unit unless otherwise stated.   
The crack widths in the test investigation were measured at steel reinforcement 
level using hand-held microscope with an accuracy of ±0.02mm.  As shown in Fig. 3.5, 
the ACI equation is found to correlate with the experimental results well except at very 
low steel stress levels (below 60 MPa).  On the other hand, the CEB-FIP equation 
showed inconsistent correlation with the experimental results both for very low (below 60 
MPa) and very high stress levels (above 470 MPa).  
       
(b) FRP-Strengthened RC Beams 
(i) Applicability of existing equations     
Both the ACI and CEB-FIP equations were used to calculate the maximum crack 
widths in FRP-strengthened RC beams.  The calculated crack widths were compared with 
the test results obtained from Jaffrey (1998), Liew (2003), Mathivoli (1999) and those 
obtained in the current study.  Fig. 3.6 shows the cracking pattern, in general, observed in 
the FRP-strengthened RC beams.   
The properties of concrete and reinforcements used in the beams of the above 
mentioned studies are reported in Table 3.3 and the specimen configuration is shown in 
Fig. 3.7.  The 28-day concrete cube compressive strength was found to be in the range of 
30 to 40 MPa.  The steel bars had a elastic modulus of about 200 GPa and yield strength 
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varying between 470 to 525 MPa.  The properties of the FRP systems used are reported 
in Table 3.4.  Uni-directional FRP laminate was used in all the investigations except for 
the study by Jaffrey (1998), in which FRP plate system was used.  The FRP laminate was 
applied using the standard wet lay-up procedure. 
A total of 110 observations were obtained on 36 beams.  Among these, 28 
observations were taken on 26 beams of the current study.  The observations were 
recorded when the beams were loaded close to the service load level.  The remaining 82 
observations were taken on 10 beams tested by Jaffrey (1998), Liew (2003), and 
Mathivoli (1999).  The observations were taken at different stress levels up to the steel 
yield load.   
In the ACI equation, the steel stress, fs, in case of FRP-strengthened RC beams 
was calculated based on elastic cracked section analysis.  To account for the external FRP 
system, the term A is taken as an “equivalent reinforcement area” for the tensile 
reinforcement.  The distance from the tension-most face to the resultant of tension forces, 














=                               (3.28) 
where As and Afrp = steel bars and FRP laminate areas in tension, and Es and Efrp  = elastic 
modulus of steel bars and FRP laminate, respectively.  Once the value of tr is known, A 
can be calculated as the product of 2tr and beam width, divided by the number of tensile 
steel bars, that is, 2btr/ns, where ns is the number of tensile steel bars.   
In the CEB-FIP equation, the values of εsm and εcm were evaluated considering the 
load transfer mechanism in the tensile segment.  The tensile segment is taken as the 
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concrete area between two cracks with its centroid coinciding with that of the equivalent 
tensile reinforcement.  The length of the segment is equal to ls,max.  The average bond 
stress between steel bars and concrete according to CEB-FIP Model Code (1990) is 1.8 
fctm where fctm is the mean value of concrete tensile strength.  The average bond stress 
between FRP laminate and concrete is taken as 1.96 MPa (Wang and Ling 1998). 
The predicted crack widths for FRP-strengthened RC beams using ACI and CEB-
FIP equations are compared with the observed values in Figs. 3.8 (a) and (b), 
respectively.  About 60% of the observations fall outside the ±25% range and are mostly 
smaller than the calculated values.  As such, a new equation becomes necessary to 
calculate the crack width of FRP-strengthened RC beams accurately.  Considering the 
large scatter in crack width data, this study is aimed at developing an empirical equation 
by statistical analysis.   
To evaluate the influence of different combinations of variables, Kaar-Mattock 
(1963) equation is also considered along with the ACI equation.  Kaar-Mattock (1963) 
equation is based on the statistical evaluation of test data and also commonly used for 
conventional RC beams:   
64 10 115.0 −×= si fAw                     (3.29) 
where the symbols are as defined earlier.  Here, wi, A, and fs are expressed in in., in2, and 
psi, respectively.  The Kaar-Mattock (1963) equation seems to be more conservative than 
the other two equations when compared with test results of FRP-strengthened RC beams 
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(ii) Evaluation of a new equation 
Like conventional RC beams, the crack width in FRP-strengthened RC beams is 
assumed to be a function of steel stress, fs, effective concrete area in tension, A, and 
effective concrete cover, tse (which is a function of side cover, ts, and distance from 
neutral axis to the nearest steel bar, h1).  Therefore, the surface crack width can be 
expressed as: 

















i        (3.30) 
where k1, k2, and k3 = empirical constants. 
A regression study was carried out on the available test results from the current 
study, and those from Jaffrey (1998), Liew (2003), Mathivoli (1999) to correlate with the 
above expression.  The correlation is shown in Fig. 3.9 (a) and Table 3.5 (in imperial 
units) and Fig. 3.10 and Table 3.6 (in SI units).  From the regression study, the value of k1 
(pre-multiplier of fs) was found to be smaller compared to that for conventional RC 
beams which is 0.091 (for expression in imperial units).  This is because a smaller 
increase in crack width occurs in FRP-strengthened RC beams compared to conventional 
RC beams for the same increase in stress, due to stress re-distribution between the steel 
bars and FRP laminate.  Even though elastic cracked section analysis of FRP-
strengthened RC beams gives a lower value of fs compared to the conventional RC beams 
under the same load, the value of k1 for the existing equations does not correlate with the 
experimental results of FRP-strengthened RC beams well.  The smaller crack widths in 
FRP-strengthened RC beams are due to the crack arresting properties of FRP laminate.  
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Therefore, a reduction in the slope of wi vs fs relation (as crack width is proportional to 
steel stress) leads to a better correlation of analytical values with the experimental ones.       
The value of k2, from the regression study was found to be larger for FRP-
strengthened RC beams than that for conventional RC beams.  This can be explained 
from the observation by Broms (1965) who introduced the concept of effective concrete 
cover (tse).  This effective concrete cover, tse, is the distance from the point where the 
crack is measured to the line connecting the two points of restraint, one of which is at the 
tip of the crack and the other is at the nearest steel bar as shown in Fig. 3.11.  The 
















                     (3.31a) 
where γ is a reduction factor multiplied with h1.  This implies that the crack tip is below 
the level of neutral axis.  Later, this expression was reduced to a simpler but equally 











=           (3.31b) 
where k2 is equivalent to 1/γ.  Due to the smaller crack heights, the crack tip is lower 
down in FRP-strengthened RC beams compared to that in conventional RC beams.  
Therefore, the value of γ should be smaller (and hence the value of k2 was found larger).  
The existence of parameter k3 in Eq. (3.30) implies that a low threshold value of fs 
exists, above which cracks will form.  The value of k3 was found to be larger for FRP-
strengthened RC beams compared to that for conventional RC beams.  This is due to the 
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stress re-distribution between steel bars and FRP laminate and the crack arresting 
properties of FRP laminate. 
To obtain an appropriate crack width equation, five other expressions were 
considered in this study (See Tables 3.5 and 3.6).  Expression (b) is simplified from Eq. 
(3.30) by taking k2 to be 1.0.  Regression analysis of the test data to fit this expression 
indicates slightly worse correlation.  The expression is further simplified to (c) by 
neglecting the influence of concrete compression zone (that is, k2 is taken as 0).  
However, the coefficient of correlation is reduced significantly.  Expressions (d), (e), and 
(f) replicates the expressions (a), (b), and (c), respectively, but with the value of k3 taken 
as 0.  The coefficients of correlation of these expressions were found not much affected 
compared to those of Expressions (a), (b), and (c), respectively.      
 
(iii) Proposed equation 
Based on the higher coefficient of correlation and simplicity, Expression (d) is 
recommended for the calculation of the maximum crack width at the level of tensile steel 















i   (SI unit)                (3.32a) 
In this equation, ts, and h1 are expressed in mm, A in mm2, and fs in MPa.  In imperial 















i   (Imperial unit)     (3.32b) 
where ts, and h1 is expressed in in., A is expressed in in2, and fs is expressed in ksi.  
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3.3.2.2 Time-Dependent Crack Width 
  The time-dependent crack width for FRP-strengthened RC beams under sustained 
loading can be related to the short-term crack width using variables like FRP 
reinforcement ratio and sustained load ratio.  This relation may be established using the 
experimental results obtained in this study as discussed in Section 3.4.2.3.    
    
3.4 Test Results and Discussion 
3.4.1 Deflection Characteristics 
The instantaneous and total deflections of all nine test beams at the end of 2¾ 
years are summarized in Table 3.7.  First, the effect of sustained loading and FRP 
reinforcement ratio are examined.  Next, the test results are compared with the analytical 
predictions based on ACI approach (ACI Committee 318 2005), EMM and AEMM 
approaches.   
 
3.4.1.1 Effect of Sustained Loading 
In Fig. 3.12, the observed mid-span deflections are shown for three groups of test 
beams, with ρfrp = 0, 0.64%, and 1.92%.  Each group consisted of three beams subjected 
to different sustained load levels (Ps).  Within each group, the higher the value of Ps, the 
higher were the total deflections.  With an increase in sustained load level, the time-
dependent deflections also increased whereas the ratio of time-dependent to instantaneous 
deflections decreased.  The latter is due to the larger instantaneous deflections compared 
to the increase in time-dependent deflections with higher sustained load levels.   
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3.4.1.2 Effect of FRP Reinforcement Ratio  
In Fig. 3.13, the deflections of beams with different FRP reinforcement ratios 
(ρfrp) under the same sustained loading are compared.  It is seen that the larger the value 
of ρfrp, the smaller are the total and time-dependent deflections.  Under the service load of 
the control beam (Ps = 0.59 P0) (Fig. 3.13a), the time-dependent deflections of Beams 
GB1-49 and GB3-40 are 9% and 12%, respectively, lesser than the control beam (CB-59) 
after 2¾ years (Table 3.7).  Under the service load of Beam GB1 (0.59 P1) (Fig. 3.13b), 
the time-dependent deflections for Beams GB1-59 and GB3-49 are 15% and 19%, 
respectively, lesser than Beam CB-70.  For beams loaded with the service load of Beam 
GB3 (0.59 P3) (Fig. 3.13c), Beams GB1-70 and GB3-59 showed 14% and 26% lesser 
deflections, respectively, than Beam CB-85.  Notably, with the increase in the magnitude 
of sustained load, the contribution of FRP laminate in reducing time-dependent 
deflections becomes more significant.   
At a lower load level, the larger the FRP reinforcement ratio, the larger is the ratio 
of time-dependent to instantaneous deflections (Fig. 3.13a).  This is due to a larger 
reduction in instantaneous deflections compared to the reduction in time-dependent 
deflections (Table 3.7).  The reduction in time-dependent deflection is not obvious at 
lower load level because of the smaller amount of creep both in the concrete and in the 
FRP laminate.  With an increase in the sustained load level, however, the ratio of time-
dependent to instantaneous deflections appears to be independent of ρfrp (Fig. 3.13c).     
Comparison can also be made among beams loaded to the same percentage of 
their respective flexural capacities, as shown in Fig. 3.14.  In general, the enhancement in 
strength and stiffness seems to be same for beams subjected to the same sustained load 
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ratio, especially at higher sustained loads, that is, above service load levels.  For Beams 
GB1-49 and GB3-49 that were subjected to sustained load levels lower than service load 
levels (Fig. 3.14a), the higher the FRP reinforcement ratio, the larger was the time-
dependent deflection.  It is noted that, while a higher FRP reinforcement ratio leads to a 
higher flexural strength in general, at sustained loads lower than service load levels, it 
does not contribute equally towards controlling the long-term deflections. 
 
3.4.1.3 Comparison with Analytical Predictions 
The total deflections at different intervals over a period of 2¾ years are computed 
using the ACI approach and compared with the test results in Fig. 3.15.  The analytical 
prediction is found to be very conservative in general, with a maximum difference of 
38% for Beam CB-85 and a minimum of 19% for Beam GB3-40.  As the compressive 
reinforcement ratio was kept the same for all the test beams, the conservative predictions 
were apparently due to the higher values of the multiplier which were suggested by ACI 
for conventional RC beams.   
The values of the multiplier at different time periods also can be calculated for all 
test beams using the ratio of time-dependent to instantaneous deflection obtained from 
this test investigation (as shown in Table 3.7) and using Eq. (3.8).  The calculated values 
are compared with those suggested by ACI in Fig. 3.16.  From the figure, it is obvious 
that the multiplier (or the ratio of time-dependent to instantaneous deflection) is a factor 
of the sustained load ratio (that is, sustained load/ultimate strength or Ps/Pu).  With 
decreasing sustained load ratio, the multiplier is found to approach the ACI values.  
Though conservative, the ACI approach (ACI Committee 318 2005) seems applicable for 
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FRP-strengthened RC beams, especially for beams subjected to sustained loads lower 
than service load levels.       
To compute the long-term deflections using EMM and AEMM approaches as 
explained earlier, the creep coefficient of concrete and FRP laminate as well as the 
shrinkage strain of concrete need to be evaluated.  The creep coefficient of concrete can 
be computed using Eq. (3.10) once the empirical constants a, b, and c are known.  From 
the study by Tan et al. (1994b), the values of a, b, and c for conventional concrete (of 
similar strength as in the current investigation) were established as 16.67, 5.65, and 
0.526, respectively.   
Similarly, the creep coefficient of FRP laminate can be computed if the value of 
m in Eq. (3.14) is known.  From the tensile creep test conducted by Holmes and Just 
(1983), the value of m for unidirectional glass FRP was established to be in the range of 
0.009 to 0.01 for a tensile stress of 75 to 102 MPa; the stress being applied in the 
direction of fibers.  In this study, the stress in FRP laminates was calculated using elastic 
cracked section analysis for beams under flexural loading and found to be in the range of 
50 to 95 MPa.  Thus, the results by Holmes and Just (1983) are adopted in this study.  
To compute the strain in concrete due to shrinkage, the values of  and εsh,u 
according to Eq. (3.17) need to be known.  Earlier studies by Tan et al. (1994b) gave the 
values of  and εsh,u as 57.0 and 354 x 10-6, respectively. 
/α
/α
Once the creep coefficient of concrete and FRP laminate as well as the shrinkage 
strain of concrete are known, the deflections are calculated following the EMM and 
AEMM approaches.  The observed deflections are compared with the predictions in Figs. 
3.17 and 3.18.  The EMM approach is, in general, conservative, yielding an average 
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difference of 25% with the observed deflections at the end of 2¾ years (Fig. 3.17).  A 
very close fit (except for Beam CB-85), however, is seen between the predictions of the 
AEMM approach and the test results in Fig. 3.18.  For Beam CB-85, the beam was 
subjected to a high load level such that the elastic analysis used to calculate deflections 
may not be applicable.  The AEMM approach which takes account of the aging factor of 
concrete, is found to better predict the experimental results than the EMM approach. 
 
3.4.2 Cracking Behavior  
 The long-term cracking behavior of the test beams in terms of crack widths is 
examined with respect to the effect of sustained load level and FRP reinforcement ratio.  
The maximum short-term (instantaneous) crack width and the crack width at the end of 
2¾ years are summarized in Table 3.8.  The available test data are used to develop an 
empirical equation to predict the long-term crack width. 
 
3.4.2.1 Effect of Sustained Loading 
In Fig. 3.19, the increase in maximum crack widths over time are compared with 
respect to the sustained load levels (Ps).  As expected, the higher the value of Ps, the 
larger were the total and time-dependent crack widths, the later defined as the increase in 
crack width with time upon the application of the sustained loading.  Among the beams 
not bonded with FRP system, CB-70 and CB-85 showed 25% and 88% larger crack 
widths, respectively, compared to Beam CB-59 at the end of 2¾ years (Table 3.8).   
For beams with ρfrp of 0.64%, the increase was 50% and 100%, respectively, for 
the same increase in sustained load from 15.8 kN to 18.8 kN and 22.8 kN, respectively, 
while for beams with ρfrp of 1.92%, the increase was 50% and 150%, respectively.  The 
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ratio of time-dependent to instantaneous crack widths, however, was found to decrease 
with higher values of Ps (Figs. 3.19a and c).  For beams with ρfrp of 0.64%, the increase in 
time-dependent crack widths with respect to instantaneous crack widths were found to be 
the same for all sustained load levels (Fig. 3.19b), which was unexpected.   
 
3.4.2.2 Effect of FRP Reinforcement Ratio 
In Fig. 3.20, the beams are grouped according to the magnitude of Ps.  Under the 
same magnitude of Ps, the larger the ρfrp, the smaller were the total and time-dependent 
crack widths.  Under the service load of the control beam (Ps = 0.59 P0) (Fig. 3.20a), the 
maximum crack widths of Beams GB1-49 and GB3-40 are 50% and 75%, respectively, 
smaller than that of control beam (CB-59) after 2¾ years.  Under the service load for 
Beam GB1 (Ps = 0.59 P1) (Fig. 3.20b), the crack widths for Beams GB1-59 and GB3-49 
are 40% and 70%, respectively, smaller than that for Beam CB-70.  For beams loaded at 
the service load of Beam GB3-59 (Ps = 0.59 P3) (Fig. 3.20c), Beams GB1-70 and GB3-
59 showed 47% and 67% less wider cracks, respectively, than that for Beam CB-85.   
The FRP-strengthened RC beams showed consistent crack restraining behavior 
for different sustained load levels.  The ratio of time-dependent to instantaneous crack 
widths also decreases with an increase in ρfrp.  This signifies the contribution of FRP 
laminate in restraining the time-dependent crack width.    
In Fig. 3.21, the crack widths are compared among the beams loaded to the same 
percentage of their respective flexural capacities.  In general, the higher the FRP 
reinforcement ratio, the smaller were the crack widths for a specific sustained load ratio.  
For example, Beams GB1-59 (ρfrp = 0.64%) and GB3-59 (ρfrp = 1.92%) showed 25% and 
38% less wider cracks, respectively, than Beam CB-59 (ρfrp = 0%) (Table 3.8).  It is noted 
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that, while a higher FRP reinforcement ratio leads to a higher flexural strength, it 
contributes even better in controlling crack widths. 
 
3.4.2.3 Empirical Expression for Time-Dependent Crack Width 
 Fig. 3.22 shows the effect of sustained load ratio, αs, (= Ps/Pu) and FRP 
reinforcement ratio, ρfrp, on the ratio of time-dependent to instantaneous crack widths, 
wt/wi for the test beams in this study.  For beams without FRP reinforcement (ρfrp = 0%) 
and beams with ρfrp of 1.92%, there is a decrease in the ratio of wt/wi with an increase in 
αs.  However, beams with ρfrp of 0.64% showed the same percentage increase in time-
dependent crack widths, regardless of the sustained load level.  It is assumed that the ratio 
of wt/wi for all beams would follow the same pattern (that is, wt to wi decreases with an 
increase in αs) as the ratio of time-dependent to instantaneous deflection (Fig. 3.16), 
irrespective of whether they were FRP-strengthened or not.  This means that with an 
increase in αs, the increase in the instantaneous crack width is much larger than the 
increase in time-dependent crack width.  Also, the ratio of wt/wi decreases with an 
increase in ρfrp.  This implies that, FRP laminate contributes more in restraining time-
dependent crack width compared to the instantaneous crack width.   
Considering the above facts, the following equation is proposed for the 
calculation of time-dependent crack width of GFRP-strengthened RC beams, which is 
applicable to conventional RC beams as well (Fig. 3.23a): 
( )frpbsit c
aww ρα +=/                             (3.33) 
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where the coefficients a, b, and c are obtained by curve-fitting of the equation with the 
observations from the test beams in the current study, and are found to be a = 1.567, b = 
0.381, and c = 1.168.   
Another equation may be proposed to calculate the time-dependent crack width of 
RC beams irrespective of type of FRP system used.  This equation takes account of the 
sustained load ratio with respect to the flexural strength of beam without any FRP 
(Ps/P0), and the strengthening capacity of the FRP system used (Pu/P0) which depends on 
ρfrp.  The ratio of wt to wi, as explained earlier, was found to decreases with an increase in 
sustained load ratio (Ps/P0) and strengthening capacity (Pu/P0).  This rate of decrease was 







ww usit ×−=              (3.34) 
 
3.5 Summary 
This chapter reports the long-term deflection and crack width of FRP-
strengthened RC beams under sustained loading.  An analytical method is presented to 
calculate the short-term deflection of FRP-strengthened RC beams.  For long-term 
deflection, the ACI approach (2005) is examined for its applicability in FRP-strengthened 
RC beams.  Next, two approaches, namely, the Effective Modulus Method (EMM) and 
Adjusted Effective Modulus Method (AEMM) are proposed for the calculation of the 
long-term deflection.  An experimental investigation was carried out in this regard which 
involved beams with three different FRP reinforcement ratios subjected to three different 
sustained load levels.   
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From the investigation carried out for about three years, externally bonded glass 
FRP laminate was found to be effective in controlling the long-term deflections of RC 
beams.  Under the same sustained load level, the larger the FRP reinforcement ratio, the 
smaller was the long-term deflection.  The contribution of FRP reinforcement in 
deflection control was about the same as in increasing flexural strength, especially for 
beams subjected to sustained loads higher than the service load levels.  The prediction by 
the ACI approach is found to be conservative; however, the prediction approaches the 
experimental results for beams with smaller sustained load ratio.  The proposed Effective 
Modulus Method (EMM) is found to predict the test results conservatively, whereas the 
Adjusted Effective Modulus Method (AEMM) shows excellent correlation with the test 
results. 
In the study, the FRP-strengthened RC beams were also observed for the short- 
and long-term crack widths.  As currently available equations for conventional RC beams 
are not adequate, an empirical equation, based on regression analysis of available test 
data is proposed for the short-term crack width in FRP-strengthened RC beams.   
Next, analyzing the test data from the current study, equations are proposed for 
the long-term crack width by relating it to the short-term crack width using empirical 
formulae, which take into account the applied stress and strengthening capacity of the 
FRP laminate.  Under the same sustained load level, the larger the FRP reinforcement 
ratio, the smaller were the crack widths.  Also, under the same sustained load ratio, the 
larger the FRP reinforcement ratio, the smaller were the crack widths.  Externally bonded 
FRP system was found to perform better in crack restraint compared to flexural strength 
enhancement.     
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Table 3.1 – Test Program 
FRP Reinforcement Ratio, ρfrp (%) 
0 0.64 1.92 Total Sustained 
Load, Ps (kN) 
Beam Ps/P0a Beam Ps/P1b Beam Ps/P3c 
15.8 CB-59 0.59 GB1-49 0.49 GB3-40 0.40 
18.8 CB-70 0.70 GB1-59 0.59 GB3-49 0.49 
22.8 CB-85 0.85 GB1-70 0.70 GB3-59 0.59 
 aP0: Flexural Capacity of Beam CB (ρfrp of 0%) = 26.8 kN 
 bP1: Flexural Capacity of Beam GB1 (ρfrp of 0.64%) = 31.9 kN  
 cP3: Flexural Capacity of Beam GB3 (ρfrp of 1.92%) = 38.6 kN 
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Table 3.2 – Properties of FRP Laminate and its Component used in Current Study 
 
Type E-glass 
Sheet form Unidirectional roving 
Fiber Areal Weight Density (g/m2) 915 
Design Thickness (mm/ply) 0.353 
Tensile strength (MPa) 1700 





Ultimate strain (%) 2 
Type Two part, 100% solid, low 
viscosity amine cured epoxy 
Tensile strength (MPa) 54 




Ultimate strain (%) 2.5 
Volume fraction of fiber, Vf (%) 53 
Volume fraction of resin, Vm (%) 47 FRP 
Laminate 
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Table 3.3 – Details of Test Beams  


























(1998) 4 34 49.4 
157 




(2003) 4 17 30.0 57 520 160 GFRP 40 
Mathivoli 




Table 3.4 – Properties of FRP Systems used in Previous Studies 
Fiber Sheet Resin 
Investigator 


















(plate) 1.20 > 2400 > 150 33 12.8 
Liew 
(2003) Glass 0.35 1700 71 54 3 
Mathivoli 
(1999) Carbon 0.11 3400 230 > 29.4 3 
*Properties of FRP system used in the current study is mentioned here to compare with those used in    
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Table 3.6 – Expressions for Short-Term Crack Width (in SI Units)  
in FRP-Strengthened RC Beams 
 
 
 General Expression  
 









































(1) Value of k2 (> 1) indicates a 
downward shift in the neutral 
axis due to presence of FRP 
laminate and therefore smaller 
crack heights compared to RC 
beams.  
(2) k3 indicates that a threshold 
stress value exists before cracks 
form and this value is higher in 
FRP-strengthened RC beams.   
(b)  
 















0.853 k2 = 1.0.  Coefficient of correlation is slightly reduced. 
(c) 
 ( ) ( ) 331 10480086.0 −×−= ssi fAtw  0.820 
k2 = 0.   Reduction in coefficient 


















k3 = 0.  Coefficient of 
correlation is close to that of 


















k2 = 1.0, k3 = 0.  A slight 
reduction in coefficient of 
correlation is observed. 
(f)  0.819 
k2 = 0, k3 = 0.  Simplest 
expression of all.  Coefficient of 
correlation is reduced 
significantly. 
( ) 331 100077.0 −×= ssi fAtw
Note: Expressions (d), (e), and (f) are simplified forms of (a), (b), and (c), respectively, whereby (fs – k3) is 
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CB-59 6.72 3.98 10.70 0.592 
CB-70 8.39 5.05 13.44 0.602 
CB-85 
0 
11.55 5.62 17.17 0.487 
GB1-49 5.09 3.62 8.71 0.711 
GB1-59 6.76 4.29 11.05 0.635 
GB1-70 
0.64 
8.44 4.87 13.31 0.577 
GB3-40 3.78 3.49 7.27 0.923 
GB3-49 5.37 4.08 9.45 0.760 
GB3-59 
1.92 
7.41 4.15 11.56 0.560 
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Ratio, ρfrp (%) 
(2) 
Instantaneous 


















CB-59 0.06 0.1 0.16 1.67 
CB-70 0.08 0.12 0.2 1.50 
CB-85 
0 
0.12 0.18 0.3 1.50 
GB1-49 0.04 0.04 0.08 1.00 
GB1-59 0.06 0.06 0.12 1.00 
GB1-70 
0.64 
0.08 0.08 0.16 1.00 
GB3-40 0.02 0.02 0.04 1.00 
GB3-49 0.04 0.02 0.06 0.50 
GB3-59 
1.92 
0.06 0.04 0.1 0.67 
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2 T10 bars 
R6 link
2 T6 bars 








































#All dimensions are in mm  










(b) Actual View 
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(b) Cracked section 
b
h d h
















































































Calculated wi (mm)  
Fig. 3.5 Comparison of ACI (ACI 224R 2004) and CEB-FIP Model Code (1990) 




Fig. 3.6 Cracking Pattern in FRP-Strengthened RC Beams 
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Fig. 3.7 Specimen Details 
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Calculated wi (mm)  
Fig. 3.8 Verification of Currently Available Approaches  
for Short-Term Crack Width in FRP-Strengthened RC Beams 
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 Calculated wi (mm)
Fig. 3.9 Comparison between Observed and Calculated Crack Widths  
(in Imperial Units) 
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Calculated wi (mm) 
Fig. 3.10 Comparison between Observed and Calculated Crack Widths (in SI Units) 
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x x: point of 
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sustained load level 
as % of ultimate load 
 
 Time After Loading (Days)  
 (a) ρfrp = 0% 
 
(b) ρfrp = 0.64% (c) ρfrp = 1.92% 
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 Time After Loading (Days) 
 
(a) Ps = 0.59P0 = 15.8 kN (b) Ps = 0.59P1= 18.8 kN (c) Ps = 0.59P3 = 22.8 kN 
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(b) Ps/Pu = 0.59 (a) Ps/Pu = 0.49 (c)  Ps/Pu = 0.70 
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Fig. 3.15 Comparison of Test Results with Predictions  
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Fig. 3.16 Comparison of Long-Term Deflection Multipliers 
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Fig. 3.17 Comparison of Test Results with Predictions of  
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Fig. 3.18 Comparison of Test Results with Predictions of  
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Time After Loading (Days) 
 
 (a) ρfrp = 0% (b) ρfrp = 0.64% (c) ρfrp = 1.92%
 




































































































      CB  : ρfrp = 0 
GB1: ρfrp = 0.64% 






















































 Time After Loading (Days) 
 
 (b) Ps = 0.59P1= 18.8 kN (a) Ps = 0.59P0 = 15.8 kN (c) Ps = 0.59P3 = 22.8 kN 
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(a) Ps/Pu = 0.49 (b) Ps/Pu = 0.59 (c) Ps/Pu = 0.70
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Fig. 3.23 Empirical Models for Long-Term Crack Width 
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EFFECT OF CYCLIC LOADING ON LONG-TERM 
BEHAVIOR OF FRP-STRENGTHENED RC BEAMS                                 





 Any RC beam subjected to cyclic loading (as in bridge structures) would 
experience fatigue damage which is a process of progressive structural damage.  This 
damage may result in the growth of cracks.  Decrease in beam rigidity due to the fatigue 
tensile cracks as well as the cyclic creep of concrete in the compression zone is known to 
be responsible for increasing deflections of RC beams (Balaguru and Shah 1982).             
The fatigue damage of FRP-strengthened RC beams under cyclic loading is of 
concern.  Several studies had been performed on carbon FRP (CFRP)-strengthened RC 
beams under cyclic loading (Breña et al. 2005, Heffernan and Erki 2004, Shahawy and 
Beitelman 1999, Wu et al. 2003).  Most of these studies dealt with the increase in fatigue 
life of the beams due to externally bonded CFRP laminates, but did not consider the 
effect on the deformation of the beams.  As deflections and cracking of the beams are 
expected to increase with cyclic loading, the serviceability of such structures may be 
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compromised.  To ensure that this does not happen, the cumulative deflections and crack 
widths due to cyclic loading need to be limited.   
Also, the post-cyclic structural behavior of such strengthened beams is of interest 
as the fatigue damage of the strengthening materials (that is, FRP laminate), could lead to 
a change in the structural behavior.  In extreme load conditions, these changes could be 
catastrophic.  Very few studies have addressed this concern.  In one study, Gheorghiu et 
al. (2004) found slight influence of cyclic loading on the monotonic post-cyclic behavior 
(load-deflection characteristics) of the CFRP-strengthened RC beams.   
In the present study, unidirectional glass FRP (GFRP)-strengthened RC beams 
were subjected to cyclic loading of different amplitudes and their deflection and cracking 
characteristics are evaluated.  Glass FRP system was chosen for the study as it is the least 
advantageous in terms of durability and stiffness-weight ratio.  Comparison of the 
deflection and cracking behavior of the strengthened beams is made with those of the 
conventional RC beams.  Also, analytical approaches are presented to calculate the 
deflections and crack widths of FRP-strengthened RC beams under cyclic loading.  
This study also evaluates the post-cyclic structural behavior of GFRP-
strengthened RC beams which were loaded statically to failure after being subjected to a 
predetermined number of load cycles.  This study reports the post-cyclic structural 
behavior in terms of flexural strength, failure mode, deflection, stiffness, ductility, 
strains, and cracking characteristics and compared these characteristics with those of the 
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4.2 Experimental Investigation 
 An experimental investigation was carried out to study the effect of cyclic loading 
on the deflection and crack width in uni-directional GFRP-strengthened RC beams.  The 
beams were subjected to a maximum of 525,000 load cycles.  Where the beams did not 
fail during the cyclic loading, they were then statically loaded to failure. 
   
4.2.1 Test Program 
In practice, dead load can be assumed to contribute to about 40% of total load on 
a structural member, while live load contributes the remaining 60%.  Any member can be 
subjected to a lower load level of full dead load plus one-third live load to a higher load 
level of full dead load plus full live load in its life time.  By considering a load factor of 
1.4 for dead load and 1.7 for the live load, these lower and upper load levels translate 
respectively to 40% and 65% of the static flexural capacity (Pu) of the member.   
Considering the above loading pattern, the test program for this study was 
prepared and shown in Table 4.1.  A total of ten beams were tested under cyclic loading, 
nine of which were strengthened with GFRP laminates.  To facilitate comparison, the test 
specimens were divided into three series.  In Series I, the beams were tested to examine 
the effect of load range, ΔP, while in Series II, they were tested to investigate the effect 
of FRP reinforcement ratio, ρfrp.  The load range, ΔP, is defined as the difference between 
the maximum (Pmax) and minimum (Pmin) applied loads during cyclic loading, while the 
FRP reinforcement ratio, ρfrp, is defined as the FRP reinforcement area divided by the 
gross concrete area in a beam cross-section.  Another series of beams, namely Series III, 
were tested to failure statically, without being subjected to any cyclic loading.  Two of 
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Series III beams were strengthened with GFRP laminates while another was not 
strengthened with FRP laminate.      
The beams are in general, designated as CXYs.  The symbol ‘X’ denotes the 
number of layers of GFRP laminates; with ‘0’ indicating no GFRP (that is, ρfrp = 0%), ‘1’ 
for one layer of GFRP laminate (ρfrp = 0.64%), and ‘2’ for two layers of GFRP laminate 
(ρfrp = 1.28%).  The symbol ‘Y’ describes the applied load range, that is, ‘0’ indicates 
beams without cyclic loading, ‘1’ indicates the case where the load was varied from 40% 
to 65% of the static flexural strength, Pu, ‘2’ for 40% to 75% of Pu and ‘3’ for 40% to 
85% of Pu.  The value of Pu is indicated by the suffix ‘s’.  That is, blank for P0, ‘a’ for P1, 
and ‘b’ for P2 where P0, P1, and P2 are the static flexural capacities of RC beams with ρfrp 
of 0%, 0.64%, and 1.28%, respectively.  The values of P0, P1, and P2 were evaluated 
from the static load tests performed on Series III beams.   
 
4.2.2 Material Properties  
A concrete mix proportion of 1:1.96:2.6 by the weight of Ordinary Portland 
Cement, natural sand and crushed granites of 10 mm nominal size was used to cast the 
beams.  The cement content was 394 kg/m3 of concrete and the water-cement ratio was 
0.53.  The concrete cube compressive strength at 28 days was found to be about 42 MPa, 
while the modulus of elasticity and modulus of rupture were about 25 GPa and 5 MPa, 
respectively.   
Two types of steel bars were used in the beams: hot-rolled deformed high yield 
bars, 6 and 10 mm in diameters (designated as T6 and T10, respectively), and plain round 
mid steel bars, 6 mm in diameter (designated as R6).  The average yield strength was 
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525, 520, and 212 MPa and modulus of elasticity was 183, 194, and 200 GPa for T6, 
T10, and R6 bars, respectively. 
Uni-directional E-glass fiber sheet was used with a two-part, 100% solid, low 
viscosity amine cured epoxy to form the GFRP laminates of about 0.8 mm thickness per 
layer.  The properties of glass fiber sheets and resin as supplied by the manufacturer and 
the properties of GFRP laminate as used in this investigation are shown in Table 4.2.  
Primer was used, according to the manufacturer’s instructions, to prepare the beam 
surface for proper bonding of the GFRP laminate. 
 
4.2.3 Specimen Fabrication 
All beams measured 100 mm x 125 mm in cross-section and 2000 mm in total 
length are shown in Fig. 4.1 (a).  Two T10 bars were used as tensile reinforcement and 
placed at a depth of 99 mm whereas two T6 bars were used as compressive reinforcement 
and placed at 24 mm from the top face of the beam.  R6 links were placed at a spacing of 
75 mm throughout the entire length of the beams.  All beams were covered with wet 
gunny sacks for 7 days after casting and then left to dry under ambient laboratory 
condition.   
To eliminate the effect of shrinkage and ageing of concrete on deflection, the 
beams were tested three months after casting.  However, the GFRP system was installed 
21 days after casting using the wet lay-out procedure.  To facilitate bonding of the glass 
fiber sheets, the tension soffits of the beams were mechanically ground until the 
aggregate face is exposed.  The beams were dried properly before placing the glass fiber 
sheets.  At the cut-off points of the GFRP system near the end of the beam, a fiber sheet 
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of 100 mm width was attached transversely over the specimens to prevent premature 
plate-end debonding of the GFRP system. 
 
4.2.4 Test Set-up and Instrumentation 
The beams were simply supported over a span of 1800 mm.  Loads were applied 
using an Instron universal testing machine at two points 200 mm distant apart and 
symmetrically placed about the beam centre line (Fig. 4.1).  The load was applied at a 
constant frequency of 2 Hz for up to a maximum of 525,000 cycles.  At the end of 
predetermined load cycles, the beams which did not fail during cyclic loading were tested 
statically using the same testing machine with a constant cross-head speed of 0.3 mm/min 
up to failure.   
Instrumentation of the beams is shown in Fig. 4.2.  Deflections were measured at 
mid-span, beneath the two loading points and at quarter points using linear variable 
displacement transducers (LVDTs) during static loading, and at mid-span and beneath the 
two loading points using potentiometric displacement transducers during cyclic loading.  
The LVDTs were connected to the data logger whereas the potentiometric displacement 
transducers were connected to an oscilloscope to record the data.  Strain gauges of 5 mm 
length were mounted on the tensile steel bars at mid-span before casting of beams.  Strain 
gauges of 30 mm length were also installed at mid-span on the top concrete face and on 
the GFRP laminate for each beam.  All the strain gauges were connected to the data 
logger.     
The deflections and crack widths were measured during the 1st, 10th, 100th, 1000th, 
5000th, 10000th, 25000th, 50000th, 75000th, 175000th, 200000th, 225000th, 250000th, 
350000th, 400000th, and 525000th cycles.  These cycles were conveniently chosen to 
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generate data over a sufficient range.  Maximum crack widths were measured using the 
hand-held microscope which has a graduated scale in divisions of 0.02 mm.  During the 
static loading, crack widths were measured in the pure moment zone at 5-kN interval. 
 
4.3 Analytical Considerations 
 
 Analytical approaches based on cycle-dependent effective moduli of elasticity of 
concrete and FRP laminate are presented to calculate the deflection and crack width of 
FRP-strengthened RC beams under cyclic loading.  
  
4.3.1 Factors Affecting Deflection and Crack Width under Cyclic Loading 
The increase in deflection and crack width of FRP-strengthened RC beams under 
cyclic loading can be attributed to: (i) the cyclic creep of concrete in the compression 
zone, (ii) the decrease in tensile stiffening of concrete with increased cracking, and (iii) 
the fatigue damage of FRP laminate in tension.  The effect of the interface between FRP 
laminate and concrete is considered small and is therefore neglected.  From available test 
results for metals and thin wires (Balaguru and Shah 1982), it is assumed that steel bars 
are cyclically stable at working load levels. 
  
4.3.1.1 Cyclic Creep of Concrete in Compression 
Creep strain of concrete in the compression zone under cyclic loading is found to 
be a significant factor for the increased deflection and crack width in RC beams.  To 
account for cyclic creep, an effective cycle-dependent secant modulus of elasticity of 
concrete, Ee,N  is considered, that is (Balaguru and Shah 1982): 
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=                                 (4.1) 
where N = number of cycles, fmax = average stress in concrete at the maximum load level, 
Ec = static elastic modulus of concrete, and εc,N = cyclic creep strain in concrete which 
consists of a mean strain component produced by the static mean stress and a cyclic strain 
component which depends on the stress range (Whaley and Neville 1973), that is: 
( ) 31,  87.31129 tff mNc Δ+=ε                   (4.2) 
where t = time after the beginning of cyclic loading in hours.  In establishing Eq. (4.2), 
cyclic load tests were conducted on specimens at a frequency rate of 585 cycles per 
minute or about 9.75 Hz.  However, according to ACI Committee 215 (1974), the fatigue 
strength of concrete is not much affected by the rate of cyclic loading if the frequency 
rate is between 1 and 15 Hz, provided that the maximum applied stress level is less than 
about 75% of its static strength.   
 In Eq. (4.2), mf  and fΔ  are both non-dimensional terms, defined as: 




ff +==                  (4.3) 




ff −=Δ=Δ                    (4.4) 
where fmin = average stress in concrete at the minimum load level, and fc/ = 28-day 
concrete cylinder compressive strength.  For a beam under flexural loading, both fmax and 
fmin are taken as average compressive stresses in the concrete (that is, half of the 
maximum stress at the extreme compressive fiber), and this can be computed based on 
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elastic cracked section analysis.  It is noted that, Eq. (4.2) is applicable only if mf  < 0.45 
and fΔ  < 0.3. 
 
4.3.1.2 Deterioration in Tensile Stiffening 
 During cyclic loading, the concrete between the cracks will be subjected to tensile 
fatigue which will lead to a progressive reduction in tensile stiffening of concrete.  This 
progressive deterioration could be accounted for using the reduced cycle-dependent 







Nff crNcr                       (4.5) 
where fcr = initial modulus of rupture of concrete, and fcr,N  = modulus of rupture of 
concrete after N cycles of loading.  This relation is based on the observation that the 
fatigue strength of concrete is the same in compression, tension, or flexure, when 
expressed as a fraction of the corresponding static ultimate strength.   
 
4.3.1.3 Fatigue Damage of FRP Laminate in Tension   
 The fatigue damage in FRP laminate is accounted for using the model presented 
by Ogin et al. (1985).  This model assumes the stiffness degradation as the main effect of 
cyclic loading on FRP laminate, which is described by the following equation: 
[ ][ ] { }[ pfrpNfrpfrpfrpNfrpfrp EEEfqdNdEE /1// /1 ,22, −=− ]                  (4.6) 
which, after integration, gives (Deskovic et al. 1995): 
( )[ ] ( ) )1/(1)1/(2)1/(1, /11/ ++++−= pppfrpfrppfrpNfrp NEfqpEE                (4.7) 
where Efrp = initial elastic modulus of FRP laminate, Efrp,N  = elastic modulus of FRP 
laminate after N cycles of loading, ffrp = maximum stress in FRP laminate, and p and q = 
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empirical constants.  The degradation in stiffness can be related to the increase in strain in 
FRP laminate by the following expression which gives the fatigue coefficient of FRP 












ε ==                   (4.8) 
where εfrp = strain in FRP laminate before the start of cyclic loading, and εfrp,N  = strain in 
FRP laminate after N cycles.  From Eqs. (4.7) and (4.8), Nfrp,φ  can be expressed as: 
( ){ } ( )[ ] 1)1/(1)1/(2)1/(1, /11 −++++−= pppfrpfrppNfrp NEfqpφ                (4.9) 







, φ=                   (4.10) 
 
4.3.2 Calculation of Deflections 
The maximum deflection of a simply supported, elastic beam of span length l 









N −=Δ ]                                                                                         (4.11)             
where P = total load, and a = shear span.  The value of Ee,N can be calculated from Eq. 
(4.1) while the effective moment of inertia after N cycles, Ie,N  is given, following 
Branson’s (1977) formula, as:  


























⎛=                         (4.12) 
where Ma = applied moment, and Mcr,N = cracking moment after N cycles which can be 
evaluated from elastic bending theory once fcr,N is obtained from Eq. (4.5).  Also, Ig = 
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moment of inertia of a gross section which can be computed considering a transformed 
section, and Icr,N  = moment of inertia of a cracked section after N cycles.  For a cracked 
rectangular section, Icr,N  can be expressed as:   
( ) ( ) ( ) ( )22//23, 13 NfrpfrpfrpNsNsNNcr xhtbndxAnxdnAbxI −+−−+−+=        (4.13) 
where b, bfrp = width of beam and FRP laminate, respectively, xN  = neutral axis depth, n 
= Es/Ee,N  = modular ratio of steel to concrete, and nfrp = Efrp,N/Ee,N = modular ratio of 
FRP laminate to concrete, As and As/ = total area of tensile and compressive steel bars, 
respectively, d and d/ = distances from top compression-most face to the centroids of 
tensile and compressive steel bars, respectively, and tfrp = thickness of FRP laminate.  The 
neutral axis depth, xN, for a cracked section can be determined considering force 
equilibrium and strain compatibility for the mid-span section.  
Once the values of Icr,N  and Mcr,N  are known, the value of Ie,N can be calculated 
from Eq (4.12).  Then using Ee,N and Ie,N in Eq. (4.11), the beam deflection under cyclic 
loading can be calculated.  
 
4.3.3 Estimation of Crack Widths 
The maximum crack width after N cycles of loading, wN, can be related to that 
due to static loading, wi, by incorporating the progressive reduction in bond transfer 
between steel reinforcement and concrete with the number of load cycles, into the 
classical slip theory approach, as (Balaguru and Shah 1982): 










,,2         (4.14) 
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where c1 and c2 are equivalent to maximum crack spacing (ls,max) before and after cyclic 
loading, respectively.  The ratio, c2/c1 can be assumed to be 1.2 for reinforced concrete 
beams under cyclic loading (Balaguru and Shah 1982). 
In Eq. (4.14), εsm and εcm = average strain in steel bars and concrete, respectively, 
within the length over which slip occurs between steel bars and concrete.  The terms εsm,N 
and εcm,N are analogous to εsm and εcm, respectively, but including the effect due to N 
cycles of loading.  With increasing number of load cycles, the amount of strain 
transferred to concrete between cracks will reduce.  To express the degradation in tensile 
stiffening effect of concrete, the following empirical relation was derived by Balaguru 


















        (4.15) 
 The values of εsm and εsm,N can be calculated using cracked section elastic analysis 
for beams under flexural loading.  In the analysis, the cracked moment of inertia, Icr,N 
after N cycles of loading can be calculated using Eq. (4.13).  Thus, Eq. (4.14) can be 
modified as follows for the calculation of maximum crack width in FRP-strengthened RC 





















         (4.16) 
 
4.4 Test Results and Discussion 
The effect of load range (ΔP) on the deflection, stiffness, strains, and crack width 
of GFRP-strengthened RC beams under cyclic loading are compared using Series I 
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beams, while the effect of FRP reinforcement ratio (ρfrp) on the beam behavior is 
examined using Series II beams.  Also, the deflections and crack widths of FRP-
strengthened RC beams under cyclic loading are predicted by the proposed analytical 
methods and compared with the test results.  Finally, the post-cyclic structural behavior 
of GFRP-strengthened RC beams (except Beam C13a which failed after 126,095 cycles) 
are evaluated and compared with those of the virgin beams in Series III. 
   
4.4.1 Deflection Characteristics 
4.4.1.1 Effect of Load Range  
Beams C11, C12 and C13 with ρfrp = 0.64% were subjected to cyclic loading with 
the minimum load level (Pmin) at 0.40P0 and maximum load levels (Pmax) at 0.65P0, 
0.75P0, and 0.85P0, respectively.  As the minimum load level is the same, the deflections 
are compared at the minimum load level after predetermined cycle numbers in Fig. 4.3 
(a).  As expected, the deflections were larger for larger load ranges.  Compared to Beam 
C11, Beams C12 and C13 deflected 9% and 44% more, respectively after 525,000 cycles.  
Among the beams C11a, C12a, and C13a (ρfrp = 0.64%, Pmin = 0.40P1, and Pmax = 0.65P1, 
0.75P1, and 0.85P1, respectively), Beams C12a and C13a deflected 4% and 34% more, 
respectively, compared to Beam C11a after 75,000 cycles (at which the last recorded data 
was obtained for Beam C13a).  Last, between Beams C21b and C22b (ρfrp = 1.28%, Pmin 
= 0.40P2, and Pmax = 0.65P2 and 0.75P2, respectively), Beam C22b deflected 16% more 
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4.4.1.2 Effect of FRP Reinforcement Ratio  
Fig. 4.3 (b) shows the effect of FRP reinforcement ratio on the deflections of RC 
beams under cyclic loading.  Compared to Beam C02 (ρfrp = 0%) that was subjected to 
the same load range of 0.40P0 to 0.75P0, Beams C12 (ρfrp = 0.64% with a corresponding 
increase in flexural strength of 19% over C02) and C22 (ρfrp = 1.28% with a 
corresponding increase in flexural strength of 32% over C02) deflected 15% and 20% 
less, respectively, at mid-load level (middle of the load range) at the end of 525,000 
cycles.  This reduction in deflections in GFRP-strengthened RC beams is due to the lower 
creep effect in concrete in the compression zone compared to the beam without FRP 
laminate, and lesser degradation in tensile concrete due to the stress re-distribution 
between the GFRP laminate and the steel reinforcement.   
The effectiveness of GFRP laminate in controlling deflection compared to its 
effectiveness in flexural strength enhancement can also be demonstrated by examining 
Beams C02 (ρfrp = 0%), C12a (ρfrp = 0.64%) and C22b (ρfrp = 1.28%),  which were loaded 
to the same load ratio (0.40 ~ 0.75) of P0, P1, and P2, respectively.  At the end of 525,000 
cycles, Beams C12a and C22b deflected slightly more than Beam C02 (3% and 9%, 
respectively).  Also, Beams C11a (ρfrp = 0.64%) and C21b (ρfrp = 1.28%) which were 
subjected to a lower load range (0.40 ~ 0.65) of P1 and P2, respectively, showed the same 
deflection at the end of 525,000 cycles.  Therefore, as far as the deflections under 
normalized loads (that is, applied load divided by the ultimate load capacity) are 
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4.4.1.3 Comparison with Analytical Predictions 
To compute the deflections of FRP-strengthened RC beams under cyclic loading, 
the fatigue coefficients for FRP laminate ( Nfrp,φ ) need to be known.  It can be computed 
from Eq. (4.9) once the empirical constants, p and q are known.  Cyclic loading test on 
GFRP coupons by Deskovic et al. (1995) established the values of p and q as 3.237 and 
18.4 x 104, respectively.  The glass fiber and resin used in fabricating the coupons had the 
modulus of 76 GPa and 4 GPa, respectively.  The specimens were tested in different 
loading ranges from a minimum of 17 MPa to a maximum of 75 MPa at a frequency of 
4.2 Hz.  For the current experimental investigation, the properties of glass fiber and resin 
used in fabricating GFRP laminate, and the applied loading range and frequency are close 
to those values used by Deskovic et al. (1995).       
Once the value of Nfrp,φ is known, the deflections are computed at mid-load levels 
at specific number of cycles for all the beams and these are compared with the test results 
in Fig. 4.4.  The computed deflections in general follow the test results closely except for 
Beams C13, C13a, and C22b.  Beams C13 and C22b were observed to exhibit about 15% 
and 12% larger deflections compared to the predictions at the end of 525,000 cycles 
whereas Beam C13a exhibited 18% larger deflection at the end of 75,000 cycles.  This 
can be explained by the fact that the relation for the cyclic creep of concrete (Eq. 4.2) is 
applicable for mf  < 0.45 and fΔ  < 0.3, which Beams C13, C13a, and C22b failed to 
meet as shown in Table 4.1.  Also, the above beams were subjected to such a large load 
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4.4.2 Stiffness Degradation 
The degree of fatigue damage in beams can be measured from the degradation in 
stiffness at different cycles.  The stiffness (EI) was computed as the slope of the load 
versus mid-span deflection curves.  In the current investigation, the load-deflection 
curves (Figs. 4.5 and 4.6) for different number of cycles seemed to remain linear for all 
the beams.  This is understandable as failure of the beams did not take place during the 
cyclic loading (except for Beam C13a).  For Beam C13a, the last recorded data at 75000th 
cycle did not show any sign of abrupt deterioration in stiffness that would signify 
immediate failure.  In general, the beams showed a gradual reduction in stiffness up to 
100 or 1000 cycles after which the reduction subsided.  To compare the reduction in 
stiffness up to 1000 cycles with respect to the 1st cycle, the normalized stiffness (EIN/EI0) 
curves are plotted in Fig. 4.7 for different beams. 
 
4.4.2.1 Effect of Load Range  
The stiffness curves for Series I beams are shown in Fig. 4.5.  Beams C11, C12, 
and C13 (Fig. 4.7a) showed 4%, 26%, and 47% reduction in stiffness, respectively, after 
1000 cycles compared to the 1st cycle.  The same parameter for Beams C11a, C12a, and 
C13a is 3%, 15%, and 31%, respectively.  The poorer performance of Beams C11, C12, 
and C13 may be due to the lower minimum load level (9.4 kN compared to 11.2 kN for 
Beams C11a, C12a, and C13a), resulting in non-stabilization of existing cracks and 
increase in micro-cracking in concrete and subsequently more damage.  As expected, 
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4.4.2.2 Effect of FRP Reinforcement Ratio  
Fig. 4.6 shows the stiffness curves for Series II beams.  The normalized stiffness 
versus number of cycles curves are plotted in Fig. 4.7 (b) for these beams.  The addition 
of GFRP laminate led to little improvement in stiffness for Beams C12 (6% higher) and 
C22 (7%) compared to Beam C02 after 1000 cycles.  But Beams C12a and C22b showed 
a significant improvement of 21% and 25%, respectively, in stiffness over C02.  The 
poorer performance of Beams C12 and C22 is due to the lower minimum load level 
compared to Beams C12a and C22b, as explained earlier.  In general, Beams C12a and 
C22b showed similar stiffness, as did Beams C11a and C21b.  That is, the beams with 
higher flexural strength due to higher ρfrp showed the same stiffness when subjected to 
the same load ratio of their respective ultimate strength.  This implies that the GFRP 
laminates provide equal enhancement in strength and stiffness of the RC beam.      
 
4.4.3 Strains in Concrete, Steel Bars and FRP Laminates 
The strains in concrete, steel bars and GFRP laminates at mid-span of the beams 
are shown in Figs. 4.8, 4.9, and 4.10, respectively.  All the strains are plotted in absolute 
values.  For some beams, the plot for strains is terminated after several cycles as the 
strain gauges were spoilt.  For Series I beams, the larger the load range, the higher was 
the strain.  For Series II beams, the larger the FRP reinforcement ratio, the lesser was the 
strain.  Beams C12 and C22 which were subjected to between 0.40P0 and 0.75P0, showed 
25% and 28% lesser strains in concrete and 25% and 42% lesser strains in steel bars, 
respectively, compared to Beam C02.  However, when subjected to the same load ratio of 
their respective static flexural strength, Beams C12a and C22b showed the same strains, 
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but the strains were lesser than that in Beam C02.  Similarly, Beams C11a and C21b 
exhibited similar material strains in most of the cases except for concrete strains.     
 
4.4.4 Cracking Behavior 
4.4.4.1 Effect of Load Range  
 The increase in crack widths of the Series I beams due to increase in load cycles 
are shown in Fig. 4.11 (a).  The maximum crack widths were measured at the steel 
reinforcement level at mid-load (middle of the load range).  As expected, the beams 
showed larger crack widths with larger load ranges.  Beams C12 and C13 (with ρfrp of 
0.64%) showed about 20% and 50% larger crack widths, respectively, compared to Beam 
C11.  Also, Beam C13a (with ρfrp of 0.64%) which failed during cyclic loading, showed 
three times and five times larger crack widths compared to Beams C12a and C11a, 
respectively, at the end of 75,000 cycles (at which the last recorded data was obtained 
from Beam C13).  However, at the end of 525,000 cycles, Beam C12a showed 20% 
larger crack widths than Beam C11a.  In the case of beams with ρfrp = 1.28%, Beam C22b 
showed about 50% larger crack width compared to Beam C21b at the end of 525,000 
load cycles.      
 
4.4.4.2 Effect of FRP Reinforcement Ratio  
   The effect of FRP reinforcement ratio in restraining crack widths of RC beams 
under cyclic loading is demonstrated in Fig. 4.11 (b).  When the beams were subjected to 
the same load range of 0.40P0 to 0.75P0, Beam C12 with ρfrp = 0.64% showed 56% less 
wider cracks whereas Beam C22 with ρfrp = 1.28% showed 64% less wider cracks 
compared to the control Beam C02.  The reduction in crack widths in beams with larger 
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amount of GFRP laminate is because of the re-distribution of tensile stress between 
GFRP laminate and steel bars.   
However, when the beams were loaded to the same load ratio of their respective 
flexural capacities (0.40Pu ~ 0.75Pu), Beams C12a (ρfrp = 0.64%) and C22b (ρfrp = 1.28%) 
both showed 56% smaller cracks than that observed in control Beam C02 (ρfrp = 0%).  On 
the other hand, when the beams were subjected to lower load ratio (0.40Pu ~ 0.65Pu), 
Beam C21b (ρfrp = 1.28%) showed 20% smaller cracks compared to Beam C11a (ρfrp = 
0.64%).  Thus, while the introduction of FRP laminate in conventional RC beams leads to 
an increase in flexural load capacity, it contributes even better to crack control. 
     
4.4.4.3 Comparison with Analytical Predictions 
 The crack widths are computed at mid-load levels at specific number of cycles for 
all the beams and compared with the test results in Fig. 4.12.  The computed crack widths 
correlate with the observations well and are generally conservative except those for 
Beams C13 and C13a.  Beam C13 showed about 10% larger crack width compared to the 
predicted value at the end of 525,000 cycles whereas Beam C13a showed 39% larger 
crack width after 75,000 cycles.  Again, this can be explained by the fact that the relation 
for the cyclic creep of concrete (Eq. 4.2) is applicable for mf  < 0.45 and fΔ  < 0.3, for 
which Beams C13 and C13a failed to meet.  Also, both beams were subjected to such a 
large load level that the elastic analysis used to calculate the crack width may not be 
applicable.  However, unlike deflection, the analytical predictions for crack width were 
conservative in case of Beam C22b, although, Beam C22b failed to meet the limit set by 
Eq. (4.2).  This indicates that thicker FRP layers contribute significantly to restrain the 
crack widths due to cyclic loading.     
 112
Chapter 4: Effect of Cyclic Loading on FRP-Strengthened RC Beams 
4.4.5 Residual Structural Behavior 
The beams which did not fail after 525,000 load cycles were statically loaded to 
failure.  The post-cyclic flexural strength, failure mode, deflection, stiffness, ductility, 
strains, and cracking characteristics of the beams due to static loading are investigated.  
In addition, the test results of these cyclic-loaded beams are compared with those of the 
Series III virgin beams (C00, C10, and C20) which were tested statically to failure 
without any cyclic loading.  To facilitate comparison, the discussion is made by arranging 
the beams into different groups as shown in Table 4.3.   
Group A consists of beams with ρfrp of 0.64% and the load ranges are 0.40P0 to 
0.65P0 (for C11), 0.75P0 (for C12), and 0.85P0 (for C13).  Group B beams (also with ρfrp 
of 0.64%) were subjected to the load ratio as Group A beams except that the ultimate 
load was P1 instead of P0.  In Group C, beams had ρfrp of 1.28% and the load range was 
from 0.40P2 to 0.65P2 (for C21b) and 0.75P2 (for C22b).   
For Group D beams, the load range was from 0.40P0 to 0.75P0 whereas for Group 
E beams, it was from 0.40P0 to 0.75P0 for Beam C02, 0.40P1 to 0.75P1 for C12a, and 
0.40P2 to 0.75P2 for C22b.  In Group F, the load range was lower at 0.40P1 to 0.65P1 for 
C11a, and 0.40P2 to 0.65P2 for C21b.   
 
4.4.5.1 Static Flexural Strength  
 The static flexural strength of all beams is shown in Table 4.3.     
 
(a) Effect of Load Range  
 
In Group A, Beams C11 and C12 which were subjected to a lower load range 
during cyclic loading, did not show any significant difference in static flexural strength 
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compared to the virgin Beam C10.  The fewer fatigue tensile cracks due to a lower load 
range during cyclic loading may be responsible for this.  However, Beam C13 which was 
subjected to a larger load range (0.40 ~ 0.85P0), showed 6% lesser strength than the 
virgin Beam C10.       
The reduction in the static flexural strength of the cyclic-loaded beams is obvious 
in cases where the beams had been subjected to higher minimum and maximum load 
levels as well as to larger load ranges (comparing Group A and B beams).  This may be 
due to the damage caused by macrocracks that quickly developed from initially formed 
microcracks under cyclic loading.  For example, the strength of the Beam C12a (0.40 ~ 
0.75P1) with ρfrp = 0.64% in Group B, is about 6% lesser than Beam C12 (0.40 ~ 0.75P0) 
with the same ρfrp in Group A.  Moreover, Beam C13a (0.40 ~ 0.85P1) failed during 
cyclic loading while Beam C13 (0.40 ~ 0.85P0) did not.  Also in Group B, cyclic-loaded 
Beams C11a and C12a showed about 4% and 5% lesser strength, respectively, compared 
to the virgin Beam C10.   
However, Group C Beams C21b and C22b (with ρfrp = 1.28%) did not show any 
deterioration in static flexural strength compared to the virgin Beam, C20.  In general, the 
cyclic-loaded FRP-strengthened beams showed insignificant strength reduction which 
may be due to the relatively small number of cycles that the beams had been subjected to.   
 
(b) Effect of FRP Reinforcement Ratio  
The increase in flexural strength of the beams with an increase in ρfrp seems to be 
unaffected by cyclic loading.  For Groups D and E beams, the increased static strength of 
virgin Beams C10 (29%) and C20 (44%) over C00 is comparable with the increased 
strength of cyclic-loaded Beams C12 (37%), C22 (51%) and C12a (29%), C22b (61%) 
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over C02.  The apparent higher strength gain in the cyclic-loaded FRP-strengthened 
beams is due to the smaller loss in strength of the FRP-strengthened beams compared to 
that of control Beam C02 due to cyclic loading.  This may be because of lesser fatigue 
tensile cracking in concrete with increase in FRP reinforcement ratio.  Also, virgin beam 
C20 seems to show slightly lesser strength especially compared to cyclic-loaded Beam 
C22b, which was unexpected.   
In Group F (beams subjected to lower load range of 0.40 ~ 0.65Pu), the strength 
increase of Beam C21b (23%) compared to Beam C11a is larger compared to the strength 
increase of the virgin Beam C20 (12%) over C10.  In addition to the lesser fatigue tensile 
cracking in concrete, the better compaction effect on concrete due to lower load range 
during cyclic loading and the unexpected lower strength of Beam C20 may be 
responsible for this.  
 
4.4.5.2 Failure Mode 
The failure modes of the beams are reported in Table 4.3.  Beams C00 and C02 
(without FRP reinforcement) failed by concrete crushing at the compression face.  FRP-
strengthened virgin beams (that is, Beams C10 and C20) also failed by concrete crushing 
with no damage to the FRP laminate.  However, most of the cyclic-loaded FRP-
strengthened beams were found to fail by flexural crack induced FRP debonding 
followed by concrete crushing except Beams C11a and C22.  This indicates deterioration 
in bond quality between concrete substrate and FRP laminate due to the flexural cracks 
originating from cyclic loading.   
Beam C11a that was subjected to a lower load range (0.40 ~ 0.65P1) during cyclic 
loading, failed by concrete crushing followed by FRP debonding.  Smaller cracks due to 
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the lower applied load range during cyclic loading may have prevented FRP debonding 
from taking place before concrete crushing occurred at the compression face.  Beam C22 
(subjected to 0.40 ~ 0.75P0), on the other hand, failed by FRP debonding followed by 
FRP rupture.  The local weakness in fiber sheet may be responsible for the FRP rupture.  
Beam C13a that was subjected to the largest load range and highest maximum load level 
(0.40 ~ 0.85P1) failed by FRP debonding during cyclic loading.  For all the beams, the 
steel reinforcements had yielded before concrete crushing or FRP debonding took place. 
 
4.4.5.3 Deflection and Stiffness 
The deflections of the beams at service load level (assumed as ultimate 
strength/1.7), Δsl are calculated and shown in Table 4.3.   
 
(a) Effect of Load Range  
As expected, the deflections of the beams under post-cyclic static loading 
increased with the load range applied during cyclic loading.  The total deflections under 
service load for all the beams are greater than those of the virgin beams.  Significant 
increase is evident for beams those were subjected to larger load ranges during cyclic 
loading (that is, Beams C13, C12a, and C22b).  
The load-deflection curves under static loading for Groups A, B, and C beams are 
shown in Fig. 4.13(a).  The initial stiffness of all the cyclic-loaded beams was about the 
same as those of the virgin beams.  After exceeding the minimum cyclic load level (Pmin) 
the stiffness of the beams which were subjected to smaller load ranges (that is, Beams 
C11, C12, C11a, C22, and C21b) showed improved stiffness in some cases compared to 
the virgin beams.  On the other hand, beams which had been subjected to larger load 
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ranges during cyclic loading (that is, Beams C13, C12a) showed reduced stiffness up to 
the maximum cyclic load level (Pmax).  This indicates considerable permanent damage in 
concrete due to macrocracking induced by cyclic loading.  However, in Group C, virgin 
Beam C20 unexpectedly exhibited lower stiffness compared to cyclic-loaded Beams 
C21b and C22b.  
 
(b) Effect of FRP Reinforcement Ratio  
In the case of beams without FRP reinforcement, cyclic-loaded Beam C02 
showed about 58% larger deflection at service load level compared to virgin Beam C00.  
On the other hand, Beams C12 (ρfrp = 0.64%) and C22 (ρfrp = 1.28%) which were 
subjected to the same load range (0.40 ~ 0.75P0) as Beam C02 showed 16% and 6% more 
deflections compared to the virgin Beams C10 and C20, respectively.  Thus, the increase 
in deflection of cyclic-loaded FRP-strengthened beams (comparing Beams C12 and C22 
with C10 and C20, respectively) is not to the same extent as for the control beams 
(comparing Beam C02 with C00).     
However, for Group E beams which had been cyclic-loaded to the same load ratio 
as Group D beams but with the imposed load calculated as a ratio of their respective 
flexural strength (hence subjected to larger load range), Beams C12a (0.40 ~ 0.75P1) and 
C22b (0.40 ~ 0.75P2) showed 48% and 28% larger deflections compared to virgin Beams 
C10 and C20, respectively.  In Group F, where the beams had been subjected to lower 
load range, a similar trend is observed.   
Thus, with an increase in FRP reinforcement ratio, the effect of cyclic loading on 
deflection is lesser, especially for those beams which had been subjected to lower load 
range.  This may be due to the lower creep effect in concrete in the compression zone 
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compared to the beam without FRP laminate, and lesser degradation in tensile concrete 
due to the stress re-distribution between the GFRP laminate and the steel reinforcement.     
 The increase in stiffness of the beams with an increase in ρfrp seemed to be 
unaffected by cyclic loading (Fig. 4.13b).  The increase in stiffness of the virgin beams 
with an increase in ρfrp (that is, Beams C10 and C20 compared to Beam C00) is well 
followed by the beams which had been subjected to cyclic loading (Group D - Beams 
C12 and C22 compared to Beam C02 and Group E - Beams C12a and C22b compared to 
Beam C02), especially after steel reinforcement had yielded.  However, Beams C12 and 
C22 showed higher stiffness after the minimum cyclic load level was exceeded, 
compared to Beam C02 without any FRP reinforcement.  Improved stiffness is evident 
also for the cyclic-loaded beams in Group F which had been subjected to lower load 
range.   
   
4.4.5.4 Ductility 
 Ductility is calculated as the ultimate deflection (Δul) divided by the deflection at 
steel yield load (Δyl) and is shown in Table 4.3 for all the test beams in the current study. 
  
(a) Effect of Load Range  
The ductility of the cyclic-loaded beams seems to be reduced significantly 
compared to the virgin beams.  Also, with the larger applied load range, the ductility 
seems to be reduced gradually except for the beams in Group A.  The reduction in 
ductility of the FRP-strengthened beams could be related to the change in failure mode 
due to cyclic loading (from relatively ductile concrete crushing to sudden and brittle 
flexural crack induced FRP debonding).  In Group A, Beams C11, C12, and C13 showed 
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33%, 14%, and 28% reduction in ductility, respectively compared to the virgin Beam 
C10.  However, in Group B, the reduction is 14% and 22% for Beams C11a and C12a 
compared to Beam C10 and in Group C, the same parameter is 9% and 20% for Beams 
C21b and C22b compared to virgin Beam C20.    
 
(b) Effect of FRP Reinforcement Ratio  
In Groups D and E, the beams showed improved ductility with increase in ρfrp 
from 0% to 0.64% irrespective of whether they were cyclic-loaded or not.  However, the 
increase is lesser for cyclic-loaded beams.  For instance, the increase in ductility for 
cyclic-loaded beams with ρfrp = 0.64% is about 46% for Beam C12 and 32% for Beam 
C12a compared to the control Beam C02 (ρfrp = 0%).  The same parameter for virgin 
Beam is 49% (comparing Beam C10 with C00).   
On the other hand, the ductility reduced when ρfrp was increased from 0.64% to 
1.28%.  The same trend was observed in Group F beams.  The ductility of beams with ρfrp 
= 1.28% reduced by 15% for Beam C22, 14% for C22b, and 11% for C21b compared to 
Beams C12, C12a, and C11a (ρfrp = 0.64%), respectively.  The same parameter in the 
case of virgin beams is 16% (comparing Beam C20 with C10).   
 
4.4.5.5 Strains in Concrete, Steel Bars and FRP Laminates 
 The load-strain curves for concrete, steel bars and GFRP laminates of GFRP-
strengthened RC beams under static loading followed the same trend as the load-
deflection curves (Figs. 4.14, 4.15, and 4.16).  The initial slope of the load-strain curves 
of the cyclic-loaded beams was reduced up to the minimum cyclic load level (Pmin) after 
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which it was the same as the virgin beams except when the applied load range was high, 
in which case the slope became smaller than the virgin beam.   
In some cases, the strain gauges fixed at the concrete top face and at the GFRP 
laminate bottom face become faulty after a certain load level was exceeded.  Also, some 
of the strain gauges on the steel reinforcement were found to be spoilt during cyclic 
loading.  For some of the beams that failed by concrete crushing, the ultimate concrete 
strain was found to be less than 0.003.  This apparent lower strain may be due to the 
different location of crushing from that of the strain gauge.  The lower strain in steel 
reinforcement at yielding and in GFRP laminate at rupture is due to the same reason.  
 
4.4.5.6 Crack Width 
 The maximum crack widths of all the test beams were taken at the steel 
reinforcement level and are compared in Fig. 4.17.  
 
(a) Effect of Load Range  
As expected, the cracks were wider for the cyclic-loaded beams compared to the 
virgin beams and the widths were found larger for beams that had been subjected to 
larger load ranges (Fig. 4.17a).  Beams subjected to lower load ranges (that is, Beams 
C11, C11a, and C21b) showed smaller crack widths initially due to the closure of the 
existing cracks upon the removal of cyclic load.  The load-crack width relation (as shown 
in Fig. 4.17a) of the virgin and cyclic-loaded FRP-strengthened beams was found to be 
the same except for cyclic-loaded beams with larger load ranges. 






Chapter 4: Effect of Cyclic Loading on FRP-Strengthened RC Beams 
(b) Effect of FRP Reinforcement Ratio  
In Fig. 4.17 (b), the crack widths are compared with respect to the FRP 
reinforcement ratio.  As expected, beams without FRP reinforcement showed larger 
increase in crack widths with an increase in load compared to FRP-strengthened RC 
beams.  However, the load-crack width relations for cyclic-loaded beams with different 
ρfrp remain the same as of the virgin beams with different ρfrp. 
 
4.5 Summary 
This chapter reports the effect of cyclic loading on FRP-strengthened RC beams.  
Beams strengthened with glass FRP laminates were tested under cyclic loading with the 
load range and the FRP reinforcement ratio as the test parameters.  The maximum load 
level during cyclic loading was 65%, 75% and 85% of the static flexural strength while 
the minimum load level was kept constant at 40%.   
Deflections of GFRP-strengthened RC beams under cyclic loading were found to 
increase with an increase in the load range.  The stiffness of the beams under cyclic 
loading was found to degrade more for larger load ranges and also for lower minimum 
load level.  However, GFRP laminates effectively control the deflections of RC beams 
under cyclic loading and its contribution towards controlling deflection is to the same 
extent as to flexural strength enhancement.  GFRP laminates also helped to reduce the 
degradation of stiffness due to cyclic loading.  An analytical approach based on cycle-
dependent effective moduli of elasticity of concrete and FRP laminate is presented to 
calculate the deflection of FRP-strengthened RC beams and was found to predict the test 
results reasonably well. 
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This chapter also reports the cracking behavior of FRP-strengthened RC beams 
under cyclic loading.  As expected, the crack widths increase with increase in load 
ranges.  However, the GFRP laminates were found to contribute effectively in controlling 
crack widths and the contribution was found to be of a greater extent compared to 
flexural strength enhancement.  An analytical approach which takes account of the 
progressive reduction in bond between concrete and steel reinforcement with increasing 
number of load cycles and the contribution of FRP laminate, is proposed to calculate the 
crack width of FRP-strengthened RC beams.  Test results were found to correlate with 
the analytical approach well.  
This chapter also reports the post-cyclic structural behavior of GFRP-
strengthened RC beams in terms of flexural strength, failure mode, deflection, stiffness, 
ductility, strains, and cracking.  The post-cyclic structural properties were compared with 
those of the virgin beams.  The residual flexural strength of the FRP-strengthened RC 
beams was found to be not much affected by the cyclic loading whereas the failure mode 
of the beams changed from concrete crushing to flexural crack induced FRP debonding, 
which indicates the deterioration of bond between FRP laminate and concrete substrate 
due to cyclic loading.  With increased number of cycles, the stiffness was found to reduce 
to some extent and was also the case for ductility.  The effect of cyclic loading on the 
flexural strength and deflection of FRP-strengthened RC beams was found to be less 
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 Table 4.1 – Test Program 
* ΔP = Pmax - Pmin 











C11 0.64 0.65 P0 (14.8)  0.38 0.17 
C12 0.64 0.75 P0 (17.5)  0.42 0.25 
C13 0.64 
 
0.40 P0  
(9.4)  
 0.85 P0 
(20.2)  0.46 0.34 
Pmax as test 
parameter; 
Pmin/P0 = 0.40  
ρfrp = 0.64% 
C11a 0.64 0.65 P1 (17.6)  0.45 0.20 




0.40 P1   
(11.2)  
0.85 P1 
(24.0)  0.55 0.40 
Pmax as test 
parameter;  
Pmin/P1 = 0.40;  
ρfrp = 0.64% 




















(12.5) 0.75 P2 
(23.2)  0.52 0.31 
Pmax as test 
parameter; 
Pmin/P2 = 0.40;  
  ρfrp = 1.28% 
C02 0 0.46 0.27 









ρfrp as test 
parameter;  
ΔP/ P0 = 0.35  
C02 0 0.40 P0  (9.4)  
0.75 P0 
(17.5)  0.46 0.27 
C12a 0.64 0.40 P1  (11.2)  
0.75 P1 
(20.8)  0.50 0.30 
C22b 1.28 0.40 P2  (12.5)  
0.75 P2 
(23.2)  0.52 0.31 
ρfrp as test 
parameter;  
ΔP / Pu = 0.35  
C11a 0.64 0.40 P1 (11.2)  
0.65 P1 


























C21b 1.28 0.40 P2 (12.5)  
0.65 P2 
(19.6)  0.47 0.21 
ρfrp as test 
parameter;  

















- - - - 
Beams were not 
subjected to any 
cyclic loading 
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Table 4.2 – FRP System and its Component Properties 
 
Type E-glass 
Sheet form Unidirectional roving 
Fiber Areal Weight Density (g/m2) 915 
Design Thickness (mm/ply) 0.353 
Tensile strength (MPa) 1700 





Ultimate strain (%) 2 
Type Two part, 100% solid, low 
viscosity amine cured epoxy 
Tensile strength (MPa) 54 




Ultimate strain (%) 2.5 
Volume fraction of fiber, Vf (%) 53 
Volume fraction of resin, Vm (%) 47 FRP 
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Table 4.3 – Static Test Results 
 


















C10 28.08 CC* 10.11 15.24 39.20 2.57 
C11 27.55 DB** 11.13 13.96 24.02 1.72 




26.40 DB 14.89 14.7 27.18 1.85 
C10 28.08 CC 10.11 15.24 39.20 2.57 
C11a 27.15 CC 12.06 12.12 26.82 2.21 
C12a 26.83 DB 15.01 14.63 29.25 2.00 B 
C13a 
0.64 
-# - - - - - 
C20 31.31 CC 12.27 13.86 30.05 2.17 















33.48 DB 15.66 16.55 28.65 1.73 
C00 0 21.76 CC 8.00 16.00 27.50 1.72 
C10 0.64 28.08 CC 10.11 15.24 39.20 2.57 
C20 1.28 31.31 CC 12.27 13.86 30.05 2.17 
C02 0 20.80 CC 12.66 13.43 20.23 1.51 
C12 0.64 28.59 DB 11.76 12.84 28.42 2.21 
D 
C22 1.28 31.47 DB 12.97 13.72 25.96 1.89 
C00 0 21.76 CC 8.00 16.00 27.50 1.72 
C10 0.64 28.08 CC 10.11 15.24 39.20 2.57 
C20 1.28 31.31 CC 12.27 13.86 30.05 2.17 
C02 0 20.80 CC 12.66 13.43 20.23 1.51 
C12a 0.64 26.83 DB 15.01 14.63 29.25 2.00 
E 
C22b 1.28 33.48 DB 15.66 16.55 28.65 1.73 
C10 0.64 28.08 CC 10.11 15.24 39.20 2.57 
C20 1.28 31.31 CC 12.27 13.86 30.05 2.17 





















C21b 1.28 33.43 DB 11.16 14.15 27.86 1.97 
a Δsl: Deflection at service load  
b Δyl: Deflection at steel yield load  
c Δul: Deflection at ultimate load  
*CC: Concrete crushing 
**DB: Flexural crack induced FRP debonding 
#-: Beam C13a failed during cyclic loading 
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2 T10 bars 
R6 link 
2 T6 bars 
R6 links @75 
















800 200 800 
 
(a) Beam Details 
 
 
(b) Test Set-up 
 
Fig. 4.1 Beam Details and Test Set-up 
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0 200000 400000 6000000.2 0.4 0.60
C13a: 0.40 ~ 0.85 P 1






0 200000 400000 6000000.60.40.20
C21b: 0.40 ~ 0.65 P 2
ρ frp = 1.28%
 
  
 Number of Cycles (x 10
6) 
Fig. 4.4 Comparison of Test Results (Deflections) with Analytical Predictions 
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Number of Cycles (x 106)  
Fig. 4.12 Comparison of Test Results (Crack Widths) with Analytical Predictions 
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Group C Group F
 
 
Mid-Span Deflection (mm) 
(a) Effect of ΔP (b) Effect of ρfrp  
 
                  Fig. 4.13 Load-Deflection Curves under Static Loading 
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Concrete Strain (x 10-6 mm/mm) 
(a) Effect of ΔP (b) Effect of ρfrp  
 

























































                  ρ frp (%)
C00,C02*:      0          
C10,C12*:   0.64
C20,C22*:   1.28
*cyclic loaded between 















                     ρ frp (%)
C00,C02*  :      0          
C10,C12a*:   0.64
C20,C22b*:   1.28
*cyclic loaded between 














                     ρ frp (%)
C10,C11a*:   0.64
C20,C21b*:   1.28
*cyclic loaded between 














ρ frp  = 0.64%
               P min        P max     
C10:       n.a.        n.a.
C11:    0.40P 0    0.65P 0    
C12:    0.40P 0    0.75P 0    













ρ frp  = 0.64%
               P min        P max     
C10:       n.a.        n.a.
C11a:  0.40P 1    0.65P 1  









0 5000 10000 15000
C22b
C21b
ρ frp  = 1.28%
               P min        P max     
C20:       n.a.         n.a.
C21b:  0.40P 2    0.65P 2  
C22b:  0.40P 2    0.75P 2  
C20











 Steel Strain (x 10-6 mm/mm)  
 (a) Effect of ΔP (b) Effect of ρfrp  
 
 Fig. 4.15 Steel Strains under Static Loading at Mid-Span Sections  
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 Fig. 4.16 FRP Strains under Static Loading at Mid-Span Sections 
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EFFECT OF WEATHERING ON LONG-TERM  
BEHAVIOR OF FRP-STRENGTHENED RC  
BEAMS UNDER SUSTAINED LOADING    




The long-term behavior of FRP-strengthened RC members under real service 
condition is a much-recognized but less-addressed issue.  Under this condition, the 
coupling effect of loading and environmental factors may be a concern (ACI Committee 
440.2R 2002).  Although concrete has been proven to withstand weathering effects, 
concerns prevail as regards to the degradation in the mechanical properties of FRP 
laminates including the bond strength over a long period of exposure to weathering.  The 
creep of concrete and FRP laminate due to sustained loading would be another issue as 
this may accelerate the degradation due to weathering.  The damage caused by both creep 
and weathering would ultimately reduce the overall stiffness of the strengthened member, 
resulting in larger deflections and crack widths over time.  This may also impair the 
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Not many studies have addressed the issue of long-term serviceability of FRP-
strengthened RC beams under sustained loading.  Also, long-term field data are currently 
not available.  On the other hand, studies have been conducted on ultimate flexural 
behavior of FRP-strengthened RC beams subjected to weathering only (Almusallam et al. 
2001, Leung et al. 2001, Liew 2003).  But no studies have been reported on the long-term 
behavior (both at the serviceability and ultimate limit states) of FRP-strengthened RC 
beams that are subjected to the simultaneous effect of sustained loading and weathering, 
which represents the most realistic situation in practice.   
This chapter reports the study carried out to address this issue.  RC beams 
strengthened with externally bonded glass FRP (GFRP) system were observed for 
deflections and crack widths under simultaneous effect of sustained loading and tropical 
weathering over different time periods after which the beams were tested in flexure 
statically to failure.  The test parameters were exposure condition, exposure duration, 
type of GFRP system, and amount of FRP reinforcement.  Analytically, the deflection is 
computed, taking into account the combined effect of sustained loading and tropical 
weathering on the moduli of materials, and then compared with the test results.   
Also, an analytical model is presented to determine the flexural strength of GFRP-
strengthened RC beams after being subjected to sustained loading and weathering for a 
specific time period.  Test results are also compared with an identical set of beams (Liew 
2003) that were subjected to weathering only.   
 
5.2 Experimental Investigation 
 
 The investigation was carried out on two different sizes of beam specimens.  The 
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length, while the large specimens had a cross-section of 100 mm in width and 125 mm in 
depth, with a length of 2000 mm.  To simulate the effect of tropical weathering, two 
weathering chambers (one for each specimen size) were built in which the weathering 
effects are reproduced at an acceleration rate of six (that is, one-day weathering in the 
chamber is equivalent to six-day exterior/outdoor natural weathering).  The beams were 
subjected to accelerated tropical weathering in chamber or natural outdoor weathering for 
different periods under sustained loading, after which they were statically loaded to 
failure. 
 
5.2.1 Test Program 
5.2.1.1 Small Specimens 
The test program on small beam specimens is shown in Table 5.1 (a).  A total of 
twenty-four beams were fabricated.  The test parameters were exposure condition, 
exposure duration, and type of GFRP system.  The beams were designated as Xm-t, 
where ‘X’ denotes the exposure condition (that is, ‘A’ for ambient, ‘E’ for 
exterior/outdoor and ‘C’ for chamber), ‘m’ is the type of GFRP system (that is, Type ‘1’ 
and Type ‘2’, of which details are given in Section 5.2.2.3) and ‘t’ indicates the actual 
duration of weathering in days (d), months (m) or years (y).  For example, C1-6m refers 
to a beam specimen strengthened with one layer of Type 1 GFRP laminate undergoing 
six months of chamber weathering (that is, equivalent to three years of outdoor 
weathering) before it was tested statically to failure.   
Two FRP-strengthened RC beams (A1-0d and A2-0d) were tested without being 
subjected to sustained loading or weathering to serve as reference specimens.  Two 
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of 0.53P1 in the ambient laboratory condition for six months and one year, respectively, 
before being tested to failure to compare the results with FRP-strengthened beams.  Here, 
P1 is the flexural capacity of a RC beam strengthened with Type 1 (unidirectional) GFRP 
system.  Four other beams strengthened with GFRP laminate (A1-6m, E1-6m, A2-6m, 
and E2-6m) were subjected to sustained loading under ambient laboratory condition or 
outdoor natural weathering condition for six months.  Another four beams (A1-1y, E1-1y, 
A2-1y, and E2-1y) were subjected to sustained loading for one year.  After the designated 
time period, the beams were tested statically to failure.   
In addition, six pairs of beams (C1/C2-5d to C1/C2-6m) were subjected to the 
combined effect of sustained loading (of 0.59P1) and accelerated tropical weathering in 
the weathering chamber and were tested to failure after 5 days, 15 days, 1 month, 2 
months, 3 months, and 6 months, consecutively.   
 
5.2.1.2 Large Specimens 
 A total of seven beams were investigated as shown in Table 5.1 (b).  The test 
parameters were exposure condition and amount of FRP reinforcement.  The beams were 
designated as Xn-t, where ‘n’ denotes the number of layer of GFRP laminate (that is, ‘1’ 
for one layer of GFRP laminate and ‘3’ for three layers of GFRP laminate).  Type 1 
GFRP system was used for this test series.  All other notations denote the same meaning 
as those for small specimens.   
Two beams (A1-0d and A3-0d) were strengthened with one layer (FRP 
reinforcement ratio, ρfrp = 0.64%) and three layers (ρfrp = 1.92%) of unidirectional GFRP 
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weathering, and taken as reference specimens.  Here, the FRP reinforcement ratio, ρfrp, is 
calculated as the area of FRP laminate divided by the gross concrete area.   
One beam (A0-3y) without FRP laminate was subjected to sustained loading of 
15.8 kN (or 0.59P0) for 2¾ years in ambient condition where P0 is the flexural capacity 
of beam without FRP laminate.  Two beams (A1-3y and A3-3y) were strengthened with 
one layer (ρfrp = 0.64%) and three layers (ρfrp = 1.92%) of unidirectional GFRP laminate, 
respectively, and were subjected to same sustained loading of 15.8 kN for 2¾ years under 
ambient condition.  The remaining two beams (C1-1y and C3-1y) were strengthened with 
one (ρfrp = 0.64%) and three layers (ρfrp = 1.92%) of unidirectional GFRP laminates, 
respectively, and were kept under sustained loading of 17.7 kN (or 0.65P0) for one year 
in the weathering chamber (that is, equivalent to six years of outdoor weathering). 
 
5.2.2 Material Properties  
5.2.2.1 Concrete Mix   
The mix proportion for concrete was 1:1.96:2.6:0.53 by the weight of Ordinary 
Portland Cement, natural sand, crushed granite of 10 mm nominal size and water.  
Average cube strength and modulus of elasticity were found as 42 MPa and 24.8 GPa, 
respectively at 28 days. 
 
5.2.2.2 Steel Bars 
Two types of steel bars were used; hot-rolled deformed high yield bars (that is, T6 
and T10 bars, with diameters of 6 mm and 10 mm, respectively) and hot rolled plain 
round mild steel bars (that is, R6 bars, with a diameter of 6 mm).  The average yield 
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reinforcement in beam specimens were found from tensile tests on three specimens to be 
525 MPa and 200 GPa, respectively. 
 
5.2.2.3 FRP Laminate  
Two types of glass FRP systems were investigated in the study.  Type 1 FRP 
system consists of unidirectional roving E-glass fiber fabric that is commercially 
available and used for structural strengthening purpose.  Type 2 FRP system consists of 
bidirectional woven roving E-glass fiber fabric that is used commercially in non-
structural members, and was being considered as a cheaper alternative to Type 1 FRP 
system.  Fig. 5.1 shows the two types of fiber fabric.  In both systems, the fabric was 
impregnated with a two-part, 100% solid, and low viscosity amine cured epoxy by hand 
to form the laminates.  The ambient temperature was about 280C during mixing of epoxy 
components which is within the manufacturer’s prescribed range of temperature (100 to 
380C).  The epoxy is known to be in workable condition within the temperature range of 
50C (as specified by manufacturer) to 1400C which is equivalent to glass transition 
temperature.  However, it is stated that the glass transition temperature would reduce by 
200C for every 1% of moisture absorption (Pritchard 1999).   
The properties of glass fiber fabrics and resin, as supplied by the manufacturer, 
are shown in Table 5.2.  The longitudinal modulus of elasticity (Efrp) of GFRP laminates 
was determined following the rule of mixture as given in Eq. (5.17).  Primer was used, 
according to the manufacturer’s instructions, to prepare the beam surface for proper 
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5.2.3 Specimen Fabrication  
5.2.3.1 Beam Description  
For the small RC beam specimens (100 mm x 100 mm in cross-section and 700 
mm in length) (Fig. 5.2a), the tensile steel consisted of two T6 bars, placed at a depth of 
76 mm.  For the compressive steel, two R6 bars were placed at a depth of 24 mm from 
the top face of the beam.  The beams were over-reinforced in shear to prevent shear 
failure.  The R6 links were placed at a spacing of 50 mm throughout the beam length.  
One layer of Type 1 (unidirectional) GFRP laminate (50 mm in width and 0.8 mm in 
thickness) or Type 2 (bidirectional) GFRP laminate, (100 mm in width and 0.7 mm in 
thickness) was placed on the tensile face of each beam.  The width of FRP laminates was 
different so as to achieve similar strengthening ratio. 
The configuration for the large beam specimens is shown in Fig. 5.2 (b).  All 
beams were 100 mm x 125 mm in cross-section and 2000 mm in total length.  They were 
longitudinally reinforced with two T10 bars as tensile reinforcement and two T6 bars as 
compressive reinforcement.  The tensile steel bars were placed at a depth of 99 mm while 
the compressive steel bars were placed at 24 mm from the top face.  R6 links were placed 
at a spacing of 75 mm throughout the entire length of the beams so as to prevent them 
from failing in shear.  Type 1 (unidirectional) GFRP laminates were used, and measured 
100 mm in width and 0.8 mm thick for Beams A1 and C1, and 2.4 mm thick for Beams 
A3 and C3. 
  
5.2.3.2 Curing of Beams and FRP Installation 
All beams were cured in a similar fashion.  They were covered with wet gunny 
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days after casting following the wet lay-out procedure.  To facilitate bonding of the glass 
fiber sheets, the tension soffits of the beams were mechanically ground until the 
aggregate face is exposed.  The exposed face should be dry before placement of glass 
fiber sheets.  At the cut-off points of the GFRP laminate near the end of the beam, a 
carbon fiber sheet was attached transversely to prevent premature plate-end debonding of 
the FRP laminate.  
 
5.2.4 Simulation of Sustained Loading  
5.2.4.1 Small Specimens  
The sustained load level for the small GFRP-strengthened RC beams that were 
placed in the weathering chamber was fixed at 22.7 kN or 0.59 times the ultimate load 
carrying capacity of the beam strengthened with one layer of unidirectional GFRP 
laminate.  The ultimate load carrying capacity was calculated as the smallest failure load 
for the following three different failure modes: (1) concrete crushing, (2) FRP debonding, 
and (3) FRP rupture (see Section 5.3.2).   
The corresponding sustained loading for beams kept in outdoor or in ambient 
laboratory condition, was determined by considering the weathering acceleration factor 
of six.  As shown in Fig. 5.3, first, the deflection history of the beam under a sustained 
load of 0.59P1 under ambient condition was computed analytically using the elastic 
method as described in Chapter 3.  Then the sustained loading required to produce the 
same deflection in a time period one-sixth as long was determined.  That is, the sustained 
load required to produce the same deflection on 30 days, 180 days, and 360 days, as those 
on 5 days, 30 days, and 60 days, respectively, due to a sustained load of 0.59P1, was 
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To simulate the sustained loading, all beams were clamped in pairs using 
transverse stainless steel bars at the beam ends, as shown in Fig. 5.4 (a), with steel rods 
placed in between the beams at one-third points.  The stainless steel bars were tightened 
using nuts against the steel hollow sections which were put at the beam ends transverse to 
the beam length.  The nuts at points 1 and 4 as shown in the plan view of Fig. 5.4 (a) 
were rotated simultaneously by the same amount followed by that at points 2 and 3.  The 
loading operation was carried out in several steps until the required stress level was 
achieved.  The stress level was continuously monitored using strain gauges mounted at 
the top concrete face, on the internal tensile steel bars and at the bottom FRP laminate at 
the mid-span of the beam.  Fig. 5.5 (a) shows the sustained loaded small beams kept 
inside the chamber. 
   
5.2.4.2 Large Specimens  
The beams, kept under ambient laboratory condition (A0-3y, A1-3y, and A3-3y), 
were loaded to the assumed service load level of the beam without FRP system (that is, 
0.59P0), which is equivalent to 0.49P1 or 0.40P3 , where P0, P1 and P3 are the flexural 
capacities of the beams without FRP, with one and three layers of unidirectional GFRP 
laminates, respectively.  The sustained load level for the two beams kept in the chamber 
(C1-1y and C3-1y) was determined following the same analysis explained earlier for 
small specimens.  The sustained load level was thus found as 0.55P1 or 0.45P3 for Beams 
C1-1y and C3-1y, respectively.   
The beams were simply supported over a span of 1800 mm on a steel frame as 
shown in Figs 5.4 (b) and 5.5 (b).  Loads were applied using concrete blocks and steel 
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5.2.5 Weathering Factors and Simulation 
5.2.5.1 Weathering Factors  
In this study, weathering under tropical climate was considered.  Tropical climate 
(as in Singapore), is characterized by a hot and humid weather with very little seasonal 
variation in temperature or precipitation throughout the year.  Table 5.3 shows the 
monthly weathering factors of Singapore (Liew 2003).  The diurnal temperature range is 
small, with temperatures rarely below 230C or above 330C.  July is the driest month of the 
year, while the wettest season falls between November and January.  Except the above 
period, the monthly rainfall ranges between 100 to 180 mm.   
By reviewing the meteorological records in Singapore, it was found that there are 
on average 20 rainy days per month during the period between November to January 
while there are only 12 rainy days per month for the rest of the year.  Also, on average, 
Singapore receives not less than 4 sunshine hours per day.  Mean daily relative humidity 
is as high as 80% to 90% at night and 50% to 60% during the daytime.  Overcast days are 
rare and the greater part of the rain falls as thunderstorms of short duration.  Brilliant 
sunshine commonly follows the rain. 
 
5.2.5.2 Simulation of Tropical Weathering 
 A review of the available commercial weathering testers showed that those testers 
capable of reproducing the effect of UV ray, heat and moisture are very limited in size 
and are not adequate to accommodate medium to large RC beams, especially under 
sustained loading condition.  Therefore, a customized weathering chamber was needed 
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(a) Small Specimens  
For small beam specimens, a ferrocement weathering chamber (1500 mm x 1000 
mm x 700 mm) was used to simulate the outside tropical weathering effect in the 
laboratory (Liew 2003) (Fig. 5.6).  The bottom and side walls were constructed with 30 
mm thick, wire mesh reinforced concrete, commonly known as ferrocement.  The 
chamber sits on top of a water tank made of the same material.  The top of the chamber 
was covered with a wooden lid.   
To reproduce the solar radiation within the chamber, a UV light source was used.  
From the observed outdoor weathering characteristics, it is noted that the solar radiation 
in Singapore is more or less uniform throughout the year.  It is also noted that 6.8 % of 
the total solar radiation is contributed by UV-A ray (of 300 – 400 nm wavelength), which 
gives a mean daily UV-A radiation energy of 31 mWh/cm2 (that is, 6.8% of 463 
mWh/cm2, as reported in Table 5.3).  This amount of irradiance of the UV-A ray was 
imposed on the specimens in the chamber by placing them at a distance of 475 mm from 
the light source for 1.5 hours.  The irradiance of the UV-A ray received at different 
distances from the light could be measured using EIT™ High Energy UV Radiometer 
(Liew 2003).  
Two high power (1000 Watt) ceramic heaters were installed under the top wooden 
lid to raise and regulate the temperature within the chamber.  The heaters were connected 
to and controlled by thermostats which turn on and off the power supply by monitoring 
the air temperature in the chamber.  Water atomizers were assembled in the chamber to 
provide a water spraying system.  The water was supplied using a water pump which 
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rate was controlled by adjusting the hose valve located near the pump outlet.  After the 
specimens were wetted, the water was recycled by letting it to flow back to the water tank 
through a small opening located at the base of weathering chamber (see Fig. 5.6a). 
All the above devices were connected to a switchbox and controlled by dual 
timers that drive the motor contactors to switch on and off the appropriate items one at a 
time at the pre-programmed intervals.  By considering the percentages of diurnal sun 
hour and rainfall days, a continuous light-wet-dark cycle was generated in the weathering 
chamber.  During the light period, which lasted for 1.5 hours per cycle, both the UV-A 
floodlight and ceramic heaters worked together to generate UV-A ray and heat that 
simulate the daytime weathering condition.  It is then followed by 1.5 hours of wet period 
where the specimens were wetted throughout by water sprayed through atomizers, similar 
to wetting of specimens in outdoor during raining time.     
To better simulate the outdoor temperature and humidity fluctuation, one hour of 
dark period (that is, idle period) was employed immediately after the wet period, during 
which all the gadgets were switched off.  Hence, one cycle of weathering took four hours 
to complete and six weathering cycles can be completed within a day.  The weathering 
was therefore carried out at an accelerated rate of six compared to natural outdoor 
weathering.  The validity of the weathering chamber in reflecting the equivalent outdoor 
weathering has already been established by Liew (2003).  The verification was also 
further confirmed in this study in terms of weathering factors (that is, temperature and 
relative humidity) as shown in Fig. 5.7 (a). 
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(b) Large Specimens  
For large beam specimens, a weathering chamber of size 2300 mm × 1000 mm × 
625 mm was needed and was constructed in the laboratory.  The side walls and base of 
the chamber were made of 10 mm thick plywood and covered with a wooden lid of the 
same material.  Cementitious water proofing membrane was coated inside the chamber to 
prevent the leakage of water.  The chamber was then placed to sit on top of a steel frame, 
which was used to support the concrete beams and the sustained loading imposed on 
them.   
In order to reproduce all the weathering factors, the chamber was equipped with 
the required devices, namely, UV light source, ceramic heaters, thermostats, water pump 
and atomizers (see Fig. 5.6b).  The required amount of UV-A radiant energy was 
reproduced using two UV-A floodlights during the light period of 1.5 hours by placing 
the light source at 475 mm away from the specimens, which yields an UV-A irradiance of 
20 mW/cm2 (that produced total 30 mWh/cm2 of radiant energy in 1.5 hours) on the 
specimen surface.  The irradiance of the UV-A ray was measured using EIT™ High 
Energy UV Radiometer.  Similar to the chamber used for small specimens, ceramic 
heaters and water atomizers were assembled in the chamber to simulate heat and rainfall, 
respectively.  
The validity of the weathering chamber in reflecting the equivalent outdoor 
weathering was confirmed in terms of temperature and relative humidity as shown in Fig. 
5.7 (b).  The temperature and relative humidity was measured in outdoor and inside the 
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Manufacturing Co. Ltd.  Similar to the small chamber, each cycle of accelerated 
weathering in the large chamber simulated the average daily outdoor weather. 
 
5.2.6 Instrumentation of Beams 
5.2.6.1 Sustained Loading 
During the weathering period, the mid-span deflection of the small beams under 
sustained loading was measured using demec gauge system (see Fig. 5.4).  The demec 
gauge has graduated scale in divisions of 0.002 mm.  The crack width was measured 
using a hand-held microscope which has a graduated scale in divisions of 0.02 mm.  
Measurements were taken after 1, 3, 5, 7, 10, 14, 21 days, weekly up to 3 months, every 
15 days till 6 months, and thereafter every month till the end of 1 year. 
Deflections of large beams were measured at quarter points and mid-span using a 
transferable dial beam which consisted of a movable frame with three dial gauges located 
at quarter points and mid-span to measure the deflection with respect to a fixed reference 
level.  The dial gauges have an accuracy of 0.01 mm.  Measurements were taken at the 
same time intervals as those for the small beams. 
 
5.2.6.2 Static Loading 
At the end of the specified weathering period, the specimens were relieved of the 
sustained loading and tested in four-point loading using the Instron universal testing 
machine to failure, at a constant cross-head speed of 0.2 mm/min.  Strain gauges were 
mounted on both the top concrete face and the bottom GFRP laminate at the mid-span of 
each beam to measure the strains at various load levels.  Strain gauges were also installed 
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by a Linear Variable Differential Transformer (LVDT), as shown in Fig. 5.8.  Crack 
widths were measured in the pure moment zone at 5 kN intervals using a hand-held 
microscope with a graduated scale in divisions of 0.02 mm. 
 
5.3 Analytical Considerations 
An analytical approach is proposed to compute the deflection, taking into account 
the combined effect of sustained loading and tropical weathering on the modulus of beam 
components.  Also, an analytical model is presented to determine the flexural strength of 
GFRP-strengthened RC beam after being subjected to sustained loading and weathering 
for a specific time period.  
 
5.3.1 Prediction of Deflection 
5.3.1.1 Factors Affecting Deflection 
The increase in deflections of FRP-strengthened RC beams under sustained 
loading in tropical weathering can be attributed to: (a) the compressive creep of concrete 
due to sustained loading; and (b) the tensile creep of FRP laminate due to the combined 
effect of sustained loading and weathering.  The effect of the interface on deflections is 
considered small and is therefore neglected.  The effect of weathering on concrete creep 
also is assumed insignificant and therefore neglected in this study. 
 
(a) Compressive Creep of Concrete  
The creep in concrete due to sustained loading can be accounted for by using an 
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where Ec = elastic modulus of concrete at age t0, t0 = age of concrete at the time of 
application of loading, t = time at which deflection is to be computed, and 
0t,t
φ = creep 









−=φ                                                                                                           (5.2) 
where a, b, c = empirical constants which can be found by curve fitting of the test data 
obtained from creep tests. 
 
(b) Tensile Creep of FRP Laminate 
 The tensile creep of FRP laminate due to sustained loading can be considered 





E φ+= 1,         (5.3) 
where Efrp = elastic modulus of FRP laminate at age t0.  Here, the creep coefficient for 
FRP laminate, frpφ , is defined as the increase in FRP strain with time divided by the 




εεφ −=                  (5.4) 
The increase in FRP strain is most obvious in bidirectional form of laminate and least in 
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where t = time in hours after application of loads, t0 = 1 hour and m = slope of the best-fit 
line relating log εfrp,t and log (t/t0).  In view of Eqs. (5.4) and (5.5), the creep coefficient, 









tφ     (5.6) 
 The additional creep in FRP laminate due to the effect of tropical weathering can 
be considered by taking into account the degradation in elastic modulus of FRP laminate.  
The residual modulus of elasticity function, which is defined as the residual (remaining) 
elastic modulus of FRP laminate, Efrp,w, at time t due to the sole effect of weathering 





, =ϕ                      (5.7) 
Previous studies by Liew (2003) quantified the effect of tropical weathering on 
the elastic modulus of GFRP laminate as shown in Fig. 5.9.  For Type 1 (unidirectional) 
GFRP system subjected to natural exterior weathering, the residual modulus of elasticity 
function could be expressed as: 
)( log  00103.01,1 eeE t−=ϕ                         (5.8) 
where te = exterior/outdoor period (in days).  For accelerated chamber weathering, the 
function could be expressed as: 
)( log  00282.01,1 ccE t−=ϕ                 (5.9) 
where tc = chamber period (in days).  Similarly, the function for Type 2 (bidirectional) 
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)( log  0502.01,2 eeE t−=ϕ              (5.10) 
)( log  0609.01,2 ccE t−=ϕ               (5.11) 
 Once the residual modulus of elasticity function is known, it can be multiplied by 
the value of Efrp,t in Eq. (5.3) to get the effective elastic modulus of FRP laminate due to 











,             (5.12) 
 
5.3.1.2 Calculation of Deflection 
 
The maximum deflection of FRP-strengthened RC beams can be computed using 
any elastic methods such as double integration of curvature or moment-area method.  To 
compute the long-term deflection due to sustained loading under tropical weathering, the 
long-term properties of concrete and FRP laminate need to be incorporated in those 
methods.  For example, the maximum deflection of a simply supported, elastic beam of 
span length, l, subjected to two symmetrical concentrated loads (as in the case of small 
specimens in this study) or a uniformly distributed load (as simulated by four 
















5=Δ                                                                                                   (5.14)             
where P = total load, w = uniformly distributed load, and a = shear span.  In the above 
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(5.1), and Ie,wt = effective moment of inertia, which, based on Branson’s (1977) formula, 
can be expressed as:  























⎛=                                                          (5.15) 
where Mcr = cracking moment, Ma = maximum applied moment, and Ig and Icr,wt = 
moment of inertia of a gross and a cracked section, respectively.   
For an uncracked FRP-strengthened RC beam with a rectangular cross-section, 
the moment of inertia can be evaluated based on gross section (Ig) or transformed section 
(It) accounting for both the steel bars and FRP laminate, that is,   




⎛ −+= )    (5.16) 
where b, bfrp = width of beam and FRP laminate, respectively, h = beam height, x = 
neutral axis depth for an uncracked section, n = Es/Ec = modular ratio of steel to concrete, 
nfrp = Efrp/Ec = modular ratio of FRP laminate to concrete, As = total area of tensile steel 
bars, d = distance from the top compressive fiber to the centroid of tensile steel bars, As/ = 
total area of compressive steel bars, d/ = distance from the top compressive fiber to the 
centroid of compressive steel bars, and tfrp = thickness of FRP laminate.   
From the rule of mixture, the elastic modulus of FRP laminate, Efrp can be 
expressed as (Gibson 1994): 
mmfffrp VEVEE +=                (5.17) 
Here, Ef and Em = elastic modulus of fibers and resin, respectively, Vf = volume fraction 
of fibers and Vm = volume fraction of resin.   
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( ) ( ) ( ) ( 2,2//23, 13 wtfrpfrpwtfrpwtstwtstwtwtcr xhtbndxAnxdAnbxI −+−−+−+= )             (5.18) 
where xwt = neutral axis depth for a cracked section under the combined effect of 
sustained loading and weathering, nt = Es/Ee = modular ratio of steel to concrete at time t, 
and nfrp,wt = Efrp,wt/Ee = modular ratio of FRP laminate to concrete after t period of 
sustained loading and weathering.  The neutral axis depth, xwt, for a cracked section can 
be determined taking into account the time-dependent properties of concrete and FRP 
laminate and considering force equilibrium and strain compatibility for the section.  
Once the value of Icr,wt is known, Ie,wt can be calculated from Eq (5.15).  Then 
using Ee and Ie,wt in Eq. (5.13) or (5.14) as appropriate, the beam deflection due to 
sustained loading under tropical weathering can be calculated.  
 
5.3.2 Estimation of Flexural Strength  
An analytical approach is presented herein to predict the time-dependent variation 
in failure modes and ultimate loads of GFRP-strengthened RC beams which had been 
subjected to combined sustained loading and tropical weathering for different time 
periods.  The flexural failure modes that should be investigated for a FRP-strengthened 
RC beam are: (1) crushing of concrete in compression; (2) rupture of FRP laminate; (3) 
shear/tension delamination of concrete cover; and (4) flexural crack induced FRP 
debonding (ACI Committee 440.2R 2002).  By using U-strips at the cut-off points of FRP 
laminates at the beam end, shear or tension delamination could be prevented.  Therefore, 
considering the remaining failure modes (1), (2), and (4), the flexural strength of any 
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This approach involved setting an upper strain limit for the respective failure 
mode.  The crushing of concrete in compression would occur when the strain in top 
compressive fiber in any section reaches the ultimate strain of concrete, that is: 
cuc εε =                   (5.19) 
where εcu may be taken as 0.003, in general.  Failure by FRP rupture would happen if, 
wtfrpufrp ,0.8 εε ×=             (5.20) 
where εfrpu,wt is the ultimate tensile strain of FRP laminates under combined sustained 
loading and tropical weathering.  The coefficient of 0.8 in Eq. (5.20) accounts for the 
average lower strains of FRP rupturing when bonded to beams compared to strains 
measured from material tensile test (Bonacci and Maalej 2001).  Last, following Teng et 













ββαε =            (5.21) 
in which, εfrp,db = FRP debonding strain, α1 = calibration factor (taken as 1.1),  
Efrp,wt = modulus of FRP laminate after exposure to sustained loading and weathering, 
fc’= concrete cylinder compressive strength, tfrp = thickness of FRP laminates.  Also, βw = 
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where bfrp = width of FRP laminates, b = beam width, L = bond length, and Le = effective 








L =          (5.22c) 
For a beam under flexural loading, the bond length, L may be taken as the distance from 
the concentrated loading point to the end of FRP laminate towards the end of the beam 
span. 
 
5.3.2.1 Concrete Properties under Sustained Loading and Tropical Weathering  
 In this study, the sustained loading and tropical weathering are assumed to have 
no significant effect on the ultimate strength of concrete.  Therefore, the ultimate 
compressive strain of concrete is taken as 0.003.  However, the sustained loading has 
effect on the modulus of concrete (Ee) which can be accounted for using Eq. (5.1). 
  
 5.3.2.2 Properties of FRP Laminate under Sustained Loading and Tropical  
 Weathering 
  
 The strain at which FRP laminate fail either by rupture (Eq. 5.20) or by debonding 
from concrete strata (Eq. 5.21) after a certain period of combined sustained loading and 
tropical weathering can be established using the residual material properties.  
 
(a) Residual Ultimate Strain 
 
The residual ultimate strain of FRP laminate (εfrpu,wt) is defined as the strain at 
which the FRP laminate would fail after being subjected to combined sustained loading 
and weathering for a specific period.  The residual ultimate strain function (φε,wt), which 
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FRP laminate, εfrp,u, can be determined by considering sustained loading and tropical 
weathering, separately.   
The residual ultimate strain of FRP laminate considering the effect of sustained 
loading (εfrpu,t) only can be obtained by subtracting the permanent set (that is, total strain 
at any time t, εfrp,t minus instantaneous strain, εfrp due to sustained loading) from the 
ultimate strain of virgin FRP laminate, εfrp,u.  This is shown schematically in Fig. 5.10.  
Therefore, the residual ultimate strain function considering sustained loading (φε,t) only 








εεεϕε −−=               (5.23) 



















⎛ −−=           (5.24) 
where αε,frp = ratio of instantaneous strain to ultimate strain of virgin FRP laminate.  The 
instantaneous strain in FRP laminate can be calculated from elastic bending theory using 
cracked section analysis.  The total strain, εfrp,t, at time t, can be calculated from Eq. (5.5).  
 The residual ultimate strain function considering weathering (φε,w) only, on the 
other hand, can be determined empirically by conducting tensile tests on weathered 
specimens in accordance with JSCE-E-541 (2000) test method.  Liew (2003) quantified 
the effect of weathering on ultimate strain of FRP laminate as shown in Fig. 5.11.  
According to Liew (2003), for Type 1 (unidirectional) GFRP system, the function is 
expressed as: 
 )( log  14696.00028.1, ew t−=εϕ              (5.25) 
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)( log  15093.09.0, cw t−=εϕ           (5.26) 
where tc = period of accelerated chamber weathering (in days).  Similarly, the function 
for Type 2 (bidirectional) GFRP system for exterior and chamber weathering is expressed, 
respectively, as:    
)( log  01325.099258.0, ew t−=εϕ           (5.27) 
)( log  01103.004680.1, cw t+=εϕ          (5.28) 
After a certain period of combined sustained loading and weathering, the ultimate 
strain in the FRP laminate would therefore reach: 
ufrpwtwtfrpu ,,,, εϕϕε εε ∗∗=            (5.29) 
where the values of εfrp,u for Type 1 (unidirectional) and Type 2 (bidirectional) GFRP 
laminates has been established as 0.0214 and 0.0194, respectively, by Liew (2003). 
 
(b) Effective Elastic Modulus  
 The effective elastic modulus of GFRP laminate, Efrp,wt, due to the combined 
effect of sustained loading and tropical weathering can be obtained following Eq. (5.12).   
 
5.3.2.3 Calculation of Flexural Strength 
Once the ultimate strain in FRP laminate, εfrpu,wt is known, the neutral axis can be 
found using strain compatibility and equilibrium of forces: 
wtfrpfrpfrpssssss
c
c EAEA''E'A(x)dxfb ,εεε +=+∫         (5.30)   
where fc(x) = concrete stress, As’, As, and Afrp = areas of compressive steel, tensile steel 
and FRP laminate, respectively; εs’, εs and εfrp = strains in compressive steel, tensile steel 
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tensile steel and FRP laminate, respectively.  The values of εs/Es/, εsEs, and εfrpEfrp,wt 
should be limited to fy/, fy, and ffrpu,wt, respectively.  Here, fy/, fy, and ffrpu,wt = yield strength 
of compressive steel, tensile steel and ultimate strength of FRP laminate after combined 
sustained loading and weathering, respectively.  Concrete stress, fc(x) is modeled by 
Hognestad stress-strain curve taking the form of: 





















'fxf           (5.31) 
where εc(x) = the corresponding concrete strain at distance x away from the neutral axis, 
εco = the concrete strain at peak stress, fc’, assumed to be 0.002; and fc’= concrete 
cylinder compressive strength.   
 Therefore, the internal resisting moment of a section can be obtained as: 
( ) ( ) ( )cwtfrpfrpfrpcssscsssu xhEAdxEAxdEAM −+−+−= ,/// εεε       (5.32) 
in which xc = location of resultant compressive force measured from the extreme concrete 
compressive fiber.  
 The final failure mode and ultimate beam capacity are then determined from the 
minimum moment capacity of all three failure modes, that is,  
Mu = min (Mcc, Mfr, Mdb)          (5.33)  
where Mcc, Mfr, Mdb = moment capacity corresponding to concrete crushing, FRP rupture, 
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5.4 Test Results and Discussion 
5.4.1 Serviceability Limit State 
The small beams were observed for deflections and crack widths for a maximum 
period of one year under both ambient and outdoor weathering conditions and for 
maximum six months inside the chamber (equivalent to three years outdoor).  The large 
beams, however, were observed for deflections over a period of 2¾ years under ambient 
condition and for one year inside the chamber (equivalent to six years outdoor).  The 
effect of GFRP type (for small beams) or FRP reinforcement ratio (for large beams) on 
the serviceability of the weathered RC beams under sustained loading was investigated.  
Also, the deflections are computed using the analytical method explained earlier and 
compared with the test results. 
 
5.4.1.1 Effect of Weathering  
Fig. 5.12 (a) compares the total deflections and crack widths of small beams 
under sustained loading and subjected to outdoor weathering with those kept under 
ambient laboratory condition.  The deflections of beams strengthened with Type 1 
(unidirectional) GFRP system and kept outdoor were found to increase by about 7% at 
the end of one year.  Similarly, for beams strengthened with Type 2 (bidirectional) GFRP 
system, the increase was about 9%.  On the other hand, the increase in crack widths was 
13% and 18%, respectively.  From visual inspection, the interface of FRP laminate and 
concrete substrate was found to be unaffected by the combined sustained loading and 
tropical weathering; the larger deflections and crack widths may be due to the 
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Fig. 5.12 (b) shows the effect of weathering on the deflections of large beams 
under sustained loading.  After 5½ month weathering in the chamber (equivalent to 2¾ 
years outdoor), Beams C1-1y (ρfrp = 0.64%) and C3-1y (ρfrp = 1.92%) showed about 16% 
and 13% larger deflections compared to Beams A1-3y (ρfrp = 0.64%) and A3-3y (ρfrp = 
1.92%), respectively, which were kept in ambient laboratory condition.  Again, the larger 
deflections may be due to the degradation in tensile stiffness of GFRP laminates for being 
subjected to the synergistic effect of sunlight and rainfall. 
 
5.4.1.2 Effect of GFRP Type  
The total deflections and crack widths observed on small beams kept in the 
weathering chamber are shown in Fig. 5.13.  The solid lines give the average of the 
deflections and crack widths observed on different specimens.  At the end of six months 
of chamber weathering (equivalent to three years outdoor), beams strengthened with 
Type 1 GFRP system showed 10% and 17% lesser deflection and crack width, 
respectively compared to beams strengthened with Type 2 GFRP system.   
On the other hand, after one year outdoor weathering (Fig. 5.12a), beams 
strengthened with Type 1 GFRP system showed 9% lesser deflection compared to beams 
strengthened with Type 2 GFRP system.  In the case of crack width, the reduction was 
21% (Fig. 5.12a).  The larger deflections and crack widths of beams strengthened with 
Type 2 GFRP system compared to that of Type 1 GFRP system were therefore 
independent of exposure condition (whether in chamber or in outdoor).  The lesser 
amount of fiber in the direction of stress as well as the initial lack of straightness of the 
fiber may be responsible for the larger deflections and crack widths of beams 
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5.4.1.3 Effect of FRP Reinforcement Ratio  
Fig. 5.14 shows the effect of FRP reinforcement ratio on the deflection of the 
sustained loaded beams under tropical weathering.  The effect of weathering seems to be 
more detrimental in case of Beam C1 with ρfrp = 0.64% compared to Beam C3 with ρfrp = 
1.92%.  Beam C1 was found to deflect 20% more than Beam C3 under the same 
sustained loading at the end of one year chamber weathering (equivalent to six years 
outdoor weathering).  Weathering elements seem not to result in deterioration of the 
interface bond within the FRP layers or between the FRP laminates and the concrete 
substrate in case of Beam C3 (ρfrp = 1.92%).  The deflection of Beams C3 and C1 is 23% 
and 5% lesser, respectively, compared to the control beam, A0-3y (ρfrp = 0%) at the end 
of 2 ¾ years equivalent outdoor period (that is, 5 ½ months chamber period).   
 
5.4.1.4 Comparison of Observed Deflections with Analytical Predictions 
To compute the long-term deflections using the analytical approach explained 
earlier, the creep coefficient of concrete and FRP laminate as well as the residual 
modulus of elasticity function of FRP laminate need to be evaluated.  The creep 
coefficient of concrete can be computed using Eq. (5.2) once the empirical constants, a, b 
and c, are known.  From the study by Tan et al. (1994b), the values of a, b and c for 
conventional concrete of similar strength as in the current investigation, were established 
as 16.67, 5.65 and 0.526, respectively.   
Similarly, the creep coefficient of FRP laminate can be computed if the value of 
m is known in Eq. (5.6).  From the tensile creep test conducted by Holmes and Just 
(1983), the value of m for unidirectional GFRP was established to be in the range of 
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value was established to be in the range of 0.03 to 0.04 for a tensile stress of 36 to 88 
MPa; the stress being applied in the direction of fibers.  In this study, the stress in 
unidirectional GFRP laminates under sustained loading calculated using elastic cracked 
section analysis, was found to be in the range of 50 to 100 MPa.  For bidirectional GFRP 
laminates, it was found to be in the range of 40 to 55 MPa.  The stresses are close to the 
stress ranges used in the tensile creep test by Holmes and Just (1983).  Finally, the 
residual modulus of elasticity function due to the sole effect of weathering can be 
calculated from any of the Eqs. (5.8) to (5.11) as appropriate.   
The calculated deflections for small and large beams are compared with the test 
results in Figs. 5.15 (a) and (b), respectively.  The approach is, in general, conservative, 
yielding an average difference of 15% with the observed deflections for small beams at 
the end of 3-year equivalent outdoor period while for large beams the average difference 
is 16% at the end of 6-year equivalent outdoor period.    
 
5.4.2 Ultimate Limit State 
 The beams were tested statically to failure after relieving them of the sustained 
loading and tropical weathering at the end of predetermined time periods.  The effect of 
different exposure conditions, exposure durations, as well as the FRP reinforcement ratio 
and GFRP type on the flexural strength, ductility, strains, crack widths and failure modes 
of the beams were investigated.  The flexural strength was calculated following the 
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5.4.2.1 Flexural Strength   
(a) Beams Strengthened with Type 1 (Unidirectional) GFRP System 
The flexural strength of small beams strengthened with Type 1 (unidirectional) 
GFRP laminates, tested after various time periods of weathering, is reported in Table 5.4.  
Beam A1-6m showed unexpectedly very low strength due to the premature debonding of 
GFRP laminate at the mid-span, the reason for which could not be ascertained.  This test 
data was therefore considered as an outlier.  The other beams, in general, showed a 
reduction in strength with longer period of weathering.   
The normalized strength (that is, the ratio of strength of weathered beams to that 
of reference beam) versus period of weathering relation is shown in Fig. 5.16 (a).  After 
six months of accelerated weathering in chamber (equivalent to three years outdoor 
weathering), the flexural strength was reduced by about 17%.  However, the strength is 
still 32% higher than beam without any FRP (A0-6m).  Beam E1-1y that was exposed to 
outdoor weathering for one year showed only 5% reduction in flexural strength compared 
to Beam A1-1y which was kept in ambient condition.   
The load-deflection relations of small beams kept inside chamber are compared 
with the reference Beam A1-0d in Fig. 5.17 (a).  The initial stiffness of all the weathered 
beams was slightly lesser than that of the reference beam A1-0d.  For short periods of 
weathering (up to fifteen days), the beams showed improved stiffness beyond the 
sustained load level (that is, after exceeding 0.59P1 or 22.7 kN).  The improved stiffness 
may be due to the initial curing of concrete and FRP laminates during short periods of 
weathering, which vanished quickly due to deterioration of fiber-resin bond and fiber 
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however, the stiffness of the beams after one year seems to be not much affected 
compared to the companion beams kept under ambient condition.     
The flexural strength of large GFRP-strengthened RC beams under investigation 
is reported in Table 5.5 and compared in Fig. 5.18 (a).  For beams with ρfrp = 0.64%, the 
reduction in flexural strength is about 13% (comparing Beam C1-1y with Beam A1-0d) 
whereas for beams with ρfrp = 1.92%, the reduction is 8% (comparing Beam C3-1y with 
Beam A3-0d) at the end of one year of accelerated weathering (equivalent to six years 
outdoor weathering).  From the results, it is evident that effect of weathering is less 
detrimental for beams with higher ρfrp.  This may be due to better protection against 
weathering elements due to thicker FRP laminates.   
The load-deflection curves for these beams are shown in Fig. 5.18 (b).  Except for 
the initial permanent set, the load-deflection behavior of the weathered beams above the 
sustained load level remains the same as those of the virgin beams. 
 
(b) Beams Strengthened with Type 2 (Bidirectional) GFRP System 
The flexural strength of the beams strengthened with Type 2 (bidirectional) GFRP 
laminates is reported in Table 5.6 and shown in Fig. 5.16 (b).  These beams also showed 
a reduction in strength with weathering periods.  The flexural strength reduced by about 
12% after six months of accelerated weathering although Beams C2-1m and C2-2m 
showed unexpectedly a drop in strength of 32% and 24%, respectively.  Due to the 
irrational low strength of Beams C2-1m and C2-2m, especially compared to Beams E2-
6m and E2-1y (equivalent to Beams C2-1m and C2-2m in terms of sustained loading and 
weathering effect) and considering the trend in degradation of strength with weathering 
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strength of Beam C2-6m was found 22% higher than the unstrengthened Beam A0-6m.  
Also, Beam E2-1y showed only 7% reduction in strength compared to Beam A2-1y.   
The load-deflection curves of beams kept inside the chamber are shown in Fig. 
5.19 (a) while those kept under ambient and outdoor condition are shown in Fig. 5.19 (b).  
The curves also show the same characteristics as for Type 1 (unidirectional) GFRP-
strengthened beams.  The initial stiffness of all the weathered beams was slightly lesser 
than that of the reference beam A2-0d.  For short periods of weathering (up to 15 days), 
the beams showed improved stiffness beyond the sustained load level.  However, the 
improved stiffness vanished quickly due to deterioration of fiber-resin bond and fiber 
strength with longer periods of weathering. 
 
5.4.2.2 Ductility  
The deflections of both small and large RC beams strengthened with Type 1 
(unidirectional) GFRP system at about 59% of their respective ultimate load (correspond 
to the assumed service load), Δsl, at steel yield load, Δyl, and at ultimate load, Δul are 
reported in Tables 5.4 and 5.5, respectively.  The ductility of the beams, defined as the 
ratio of the deflection at ultimate load (Δul) to that at steel yield load (Δyl), was found in 
general to decrease with longer weathering period.  After six months of accelerated 
weathering, the ductility of the small beams was found to be reduced by 38% as shown in 
Fig. 5.20 (a).  However, the ductility of the large beams, in tandem with the strength 
behavior, was found to decrease by 50% for beam with ρfrp = 0.64% compared to 15% for 
beam with ρfrp = 1.92% at the end of one year accelerated weathering (equivalent to six 
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The ductility of RC beams strengthened with Type 2 (bidirectional) GFRP system, 
as reported in Table 5.6 and shown in Fig. 5.20 (b), also seemed to decrease with longer 
weathering periods.  For C2-6m, the ductility reduced by 18% compared to A2-0d 
whereas for E2-1y, the reduction is 12% compared to Beam A2-1y. 
 
5.4.2.3 Strains in Concrete, Steel Bars and FRP Laminates   
The load-concrete strain, load-steel strain and load-GFRP strain curves for small 
RC beams strengthened with Type 1 (unidirectional) and Type 2 (bidirectional) GFRP 
systems are shown in Figs. 5.21 and 5.22, respectively.  For some beams that failed by 
concrete crushing, the ultimate strain was found to be slightly less than 0.003.  This may 
be due to the different location of crushing from that of the strain gauge.  The lower strain 
in GFRP laminates at rupture is due to the same reason.  
The load-strain curves of the large beams are shown in Fig. 5.23.  Similar to the 
load-deflection curves, the load-strain curves of the weathered beams showed the same 
behavior as the virgin beams beyond the sustained load levels, except for the initial 
permanent strain.  
 
5.4.2.4 Crack Widths and Failure Mode   
The crack widths of the small beams at service load (that is, at 59% of the 
ultimate load) are given in Table 5.7.  The crack widths of the beams decreased with 
weathering periods as the ultimate strength and hence the service load was smaller.  It is 
also observed that the failure mode of the beams has changed from concrete crushing (CC) 
or flexural crack-induced FRP debonding (DB) to FRP rupture (FR) with longer 
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weathering.  For beams strengthened with Type 2 (bidirectional) GFRP system, the 
transition of failure mode was found to take place at an earlier age than that for beams 
strengthened with Type 1 (unidirectional) GFRP system. 
The crack widths of the large beams at service load are given in Table 5.5.  The 
crack width seems to be not much affected by the combined effect of sustained loading 
and tropical weathering.  However, similar to the small beams, the failure mode of the 
large beams also changed from concrete crushing (CC) or flexural crack induced FRP 
debonding (DB) to FRP rupture (FR) due to weathering. 
 
5.4.2.5 Comparison of Test Results with Analytical Predictions 
 The flexural strength of the GFRP-strengthened RC beams subjected to combined 
sustained loading and weathering for different time periods was calculated following the 
analytical approach explained earlier.  The calculated values are reported and compared 
with the test results in Table 5.8 and Fig. 5.16.  The analytical approach showed 
reasonable correlation with the test results except for Beams C1-2m and C1-3m.  The 
approach also in general, predicted the failure mode accurately as shown in Table 5.9.     
 The analytical prediction of flexural strength is then extrapolated to 50 years 
(considering 50 years as service life of a structural member).  A strength degradation 
factor (ΦP), which is defined as the ratio of strength of weathered beams to that of the 
reference beam (beam that was not subjected to sustained loading or weathering), is 
predicted for GFRP-strengthened RC beams with respect to period of exposure as shown 
in Fig. 5.24.  The strength degradation for RC beams strengthened with Type 1 
(unidirectional) GFRP system is best correlated by:   
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where te = exterior/outdoor age in years.  At the end of 50 years, the strength degradation 
factor is obtained as 0.61.  The figure also shows the 95% prediction interval (PI) of the 








st 1111 1,2/111,2/1 ++Φ≤Φ≤+−Φ −− αα        (5.35) 
where tα/2, n-1 = percentage point of t-distribution, s = standard deviation of the error in 
prediction, and nd = number of data points. 
For RC beams strengthened with Type 2 (bidirectional) GFRP system, the 
strength degradation is best correlated by: 
( ) 16036.02 13779.01 eP t−=Φ            (5.36) 
At the end of 50 years, the strength degradation factor is found as 0.74.  A 95% PI is also 
derived for the Type 2 (bidirectional) GFRP system and shown in Fig. 5.24. 
 
5.4.2.6 Comparison of Test Results with Beams Subjected to Weathering Only  
 
The strength, ductility and failure mode of the GFRP-strengthened RC beams in 
this study were compared with an identical set of beams which were similarly weathered 
but were not subjected to sustained loading (Liew 2003).  The comparison is reported in 
Table 5.10 and shown in Fig. 5.25.  The beams strengthened with Type 1 (unidirectional) 
and Type 2 (bidirectional) GFRP systems from the current study were found to have 15% 
and 14% lesser strength, respectively, compared to those not subjected to sustained 
loading, after six months of accelerated weathering (equivalent to three years in outdoor).  
However, the ductility and failure mode of the beams seemed not to be affected by the 
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5.5 Summary 
This chapter reports the long-term behavior in terms of serviceability (deflection, 
crack width) and ultimate flexural behavior (strength, ductility, failure mode) of glass 
FRP-strengthened RC beams subjected to sustained loading under tropical weathering.  
Both experimental and analytical investigations were carried out on small (100 mm x 100 
mm x 700 mm) and large (100 mm x 125 mm x 2000 mm) GFRP-strengthened RC 
beams to establish their long-term performance.  The test parameters were the exposure 
condition, exposure duration, type of GFRP system, and FRP reinforcement ratio.  In 
addition to the exterior/outdoor natural and ambient weathering, the beams were 
subjected to accelerated weathering inside a chamber in which the weathering effect was 
simulated with an accelerated rate of six.   
Beams under sustained loading when simultaneously subjected to tropical 
weathering showed a maximum of 16% and 18% larger deflections and crack widths, 
respectively, after three years compared to those kept under ambient laboratory condition.  
The increase in deflections and crack widths was found to be lesser for beams 
strengthened with unidirectional GFRP or with a higher FRP reinforcement ratio.  An 
analytical method which takes into account the degradation in the modulus of concrete 
due to sustained loading and that of the FRP laminate due to the combined effect of 
sustained loading and tropical weathering is presented to calculate the deflection.  The 
analytical approach predicts the test results reasonably well and can be used for design 
purpose. 
This chapter also investigates the flexural behavior of GFRP-strengthened RC 
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tropical weathering for different time periods.  The study reveals a gradual reduction in 
the flexural strength and ductility with longer weathering periods and the degradation was 
found to be more detrimental in the presence of sustained loading.  Also, the failure mode 
of the beams changed from concrete crushing or flexural crack-induced FRP debonding 
to FRP rupture, indicating a degradation in the properties of the FRP system due to 
tropical weathering.  Similar degradation behavior was observed for beams strengthened 
with unidirectional or bidirectional GFRP laminates; however, beams with more FRP 
laminates showed less degradation in strength and ductility. 
A residual flexural strength model is proposed which accounts for the degradation 
of the individual material properties over time due to the combined effect of sustained 
loading and tropical weathering.  The model predicts the degradation in flexural strength 
and change in failure mode reasonably well.  Finally, the prediction of flexural strength 
by the model is extrapolated to 50 years to propose a strength degradation factor for 
GFRP-strengthened RC beams.  The strength degradation factor was obtained as 0.61 and 
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A1/A2-0d 0 0 Ambient 0 
Reference beams (without 
sustained loading or 
weathering) 
A0-6m 6 months 
A0-1y 1 year 
Control beams (without 
FRP laminates) under 
sustained loading 




Beams under sustained 
loading in ambient 
laboratory condition 




Outdoor 1 year 
Beams under sustained 
loading in exterior/outdoor 
natural condition 
C1/C2-5d 5 days 
C1/C2-15d 15 days 
C1/C2-1m 1 month 
C1/C2-2m 2 months 
C1/C2-3m 3 months 
C1/C2-6m 
22.7 0.59 Chamber 
6 months 
Beams under sustained 
loading in chamber 
#P1: Calculated flexural capacity of Beam A1-0d  
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0 0 0 
Reference beams 
(without sustained 
loading or weathering) 
A0-3y 0 0.59 





2¾    
years 
Beams under sustained 
loading in ambient 
laboratory condition 




Chamber 1  year 
Beams under sustained 
loading in chamber  
# ρfrp: FRP reinforcement ratio, calculated as the FRP laminate area divided by beam    
          cross-section area 
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Table 5.2 – Properties of FRP Systems 
 Type 1 (Unidirectional) 
GFRP Laminate 
Type 2 (Bidirectional) 
GFRP Laminate 
Type E-Glass E-Glass 
Sheet Form Unidirectional Bidirectional 
Tensile Strength (MPa) 1700 130 
Elastic Modulus (GPa) 71 11 
Fiber 
Ultimate Strain (%) 2.0 1.25 
Type 
Two part, 100% solid, 
low viscosity amine-
cured epoxy 
Tensile Strength (MPa) 54 
Elastic Modulus (GPa) 3 
Resin 
Ultimate Strain (%) 2.5 
 




Volume Fraction  
of Fiber (%) 53 
Volume Fraction 
of Resin (%) 47 
Same as Type 1 
(unidirectional) 
GFRP laminate 
Elastic Modulus (GPa) 39 7.3 
FRP 
Laminate 
Thickness (mm) 0.8 0.7 
 
 
Table 5.3 – Average Weathering Factors (1987-1997) (Liew 2003) 
Weathering Factors Monthly 














Sunshine Max. Hours/Day % 
8 
34 
Rainfall (mm) Mean 170.4 
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Table 5.4 – Small RC Beams Strengthened with Type 1 




















#A0-6m 28.44 1.53 1.98 5.31 2.68 
#A0-1y 27.21 1.76 2.21 6.40 2.89 
A1-0d 45.18 2.70 3.23 10.58 3.27 
A1-6m 32.98* 2.14 2.90 5.74 1.98 
A1-1y 42.30 2.03 2.50 6.51 2.60 
E1-6m 38.44 1.49 2.11 5.12 2.43 
E1-1y 40.14 1.40 1.82 5.40 2.96 
C1-5d 42.11 2.19 3.01 10.13 3.36 
C1-15d 42.98 1.71 2.53 8.83 3.49 
C1-1m 36.07 1.79 2.19 6.68 3.05 
C1-2m 33.07 1.50 2.13 5.51 2.59 
C1-3m 32.71 1.64 2.67 6.42 2.40 
C1-6m 37.42 1.75 2.56 5.16 2.02 
a Δsl: Deflection at service load (assumed as 59% of ultimate load)  
b Δyl: Deflection at steel yield load  
c Δul: Deflection at ultimate load  
#Beam without FRP laminate 
































A1-0d 28.10 10.11 15.24 39.12 2.57 0.10 CC 
C1-1y 24.59 6.01 12.58 15.94 1.27 0.08 FR 
A3-0d 38.86 11.41 16.11 28.74 1.78 0.12 DB 
C3-1y 35.68 8.79 17.39 26.75 1.54 0.13 FR 
#CC: Concrete crushing; DB: FRP debonding; FR: FRP rupture 
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Table 5.6 – Small RC Beams Strengthened with Type 2 








Load, Δsl  
(mm) 
Deflection 









#A0-6m 28.44 1.53 1.98 5.31 2.68 
#A0-1y 27.21 1.76 2.21 6.40 2.89 
A2-0d 39.36 2.22 2.89 7.18 2.49 
A2-6m 37.02 2.39 2.85 6.13 2.15 
A2-1y 39.13 1.99 2.46 5.48 2.23 
E2-6m 37.57 1.19 2.00 4.21 2.11 
E2-1y 36.41 1.10 1.93 3.78 1.96 
C2-5d 36.96 1.54 2.35 6.76 2.88 
C2-15d 37.30 1.54 2.47 5.64 2.28 
C2-1m 26.71* 1.47 4.19 7.32 1.75 
C2-2m 29.92* 1.53 2.42 5.74 2.37 
C2-3m 34.75 2.43 2.99 7.38 2.47 
C2-6m 34.79 1.52 2.25 4.59 2.04 
#Beam without FRP composite laminate 
*Due to unexpected and irrational low strength, Beams C2-1m and C2-2m are   
 considered as outliers 
 
 
Table 5.7 – Crack Widths and Failure Mode 
 
Beams Strengthened with Type 1  
(Unidirectional) GFRP Laminate 
Beams Strengthened with Type 2  





















0 day A1-0d 0.28 CC A2-0d 0.22 CC 
1 month C1-5d 0.16 CC/DB C2-5d 0.20 CC/FR 
3 months C1-15d 0.20 CC C2-15d 0.20 FR/CC 
C1-1m 0.28 CC C2-1m 0.12 CC 
A1-6m 0.38 DB A2-6m 0.14 FR 
 
6 months 
E1-6m 0.18 FR E2-6m 0.14 FR 
C1-2m 0.24 CC C2-2m 0.26 FR 
A1-1y 0.20 CC A2-1y 0.16 FR 
 
1 year 
E1-1y 0.14 FR E2-1y 0.14 FR 
1.5 years C1-3m 0.24 FR C2-3m 0.18 FR 
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Table 5.9 – Comparison of Observed Failure Mode with Predictions 
Beams Strengthened with Type 1  
(Unidirectional) GFRP Laminate 
Beams Strengthened with Type 2  
(Bidirectional) GFRP Laminate 
Failure Mode Failure Mode 
Specimen 
Size Beam 
Designation Prediction Test 
Beam 
Designation Prediction Test 
A1-0d CC CC A2-0d CC CC 
C1-5d CC CC/DB C2-5d CC CC/FR 
C1-15d CC CC C2-15d CC FR/CC 
C1-1m FR CC C2-1m FR CC 
A1-6m* CC DB A2-6m FR FR 
E1-6m FR FR E2-6m FR FR 
C1-2m FR CC C2-2m FR FR 
A1-1y CC CC A2-1y FR FR 
E1-1y FR FR E2-1y FR FR 
C1-3m FR FR C2-3m FR FR 
Small (100 
mm x 100 
mm x 700 
mm) 
C1-6m FR FR C2-6m FR FR 
A1-0d CC CC - - - 
A3-0d CC DB - - - 
C1-1y FR FR - - - 
Large (100 
mm x 125 
mm x 2000 
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Table 5.10(a) – Effect of Sustained Loading in Weathered RC Beams Strengthened 
with Type 1 (Unidirectional) GFRP System 
 
Ultimate Strength (kN) Ductility Failure Mode 


















A1-0d 45.18 45.38 3.27 3.30 CC CC 
A1-6m 32.98 46.67 1.98 3.00 DB CC 
A1-1y 42.30 45.12 2.60 2.70 CC CC 
E1-6m 38.44 46.52 2.43 3.60 FR FR 
E1-1y 40.14 47.49 2.96 2.90 FR FR 
C1-5d 42.11 46.20 3.36 3.90 CC/DB CC 
C1-15d 42.98 43.70 3.49 3.10 CC CC 
C1-1m 36.07 47.98 3.05 2.90 CC FR 
C1-2m 33.07 44.73 2.59 2.40 CC FR 
C1-3m 32.71 n.a. 2.40 n.a. FR n.a. 
C1-6m 37.42 44.16 2.02 2.20 FR FR 




Table 5.10(b) – Effect of Sustained Loading in Weathered RC Beams Strengthened 
with Type 2 (Bidirectional) GFRP System 
 
Ultimate Strength (kN) Ductility Failure Mode 


















A2-0d 39.36 39.02 2.49 3.10 CC CC 
A2-6m 37.02 40.24 2.15 2.80 FR CC 
A2-1y 39.13 39.59 2.23 2.40 FR CC 
E2-6m 37.57 43.19 2.11 2.70 FR CC 
E2-1y 36.41 34.45 1.96 1.70 FR FR 
C2-5d 36.96 40.43 2.88 3.60 CC/FR CC 
C2-15d 37.30 42.29 2.28 3.00 FR/CC CC 
C2-1m 26.71 42.60 1.75 3.30 CC CC 
C2-2m 29.92 42.35 2.37 3.10 FR FR 
C2-3m 34.75 n.a. 2.47 n.a. FR n.a. 
C2-6m 34.79 40.43 2.04 2.00 FR FR 
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  (a) Type 1  (b) Type 2  
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R6 links @ 50 
mm c/c 
Section A-A
50 mm for Type 1 and 




2 T6 bars 
R6 link









(a) Small Specimen 
 
2 T10 bars 
R6 link
2 T6 bars 











(b) Large Specimen 
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# All dimensions are in mm
 
(b) Large Specimens 





















(b) Large Specimens 












































(b) Large Chamber 
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(a) Chamber for Small Specimens (Liew 2003) 
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(b) Chamber for Large Specimens 
 
 
























(b) Large Specimen  
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(b) Type 2 FRP System 
 














Total Strain,  
εfrp,t 
Permanent Set 
























































Chamber  Test     Regressed
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Chamber age, tch (day)
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Outdoor age, tou (day)  
 













εpu,G2(tou) = 19256 - 257 log( tou )
Chamber age, tch (day)
Outdoor age, tou (day)
*εpu,G2(tch) = 20308 + 214 log( tch )
Chamber   Test      Regressed
















(b) Type 2 FRP System 
 

















             Exposure    
             Condition    FRP Type
A1          Ambient           1
A2          Ambient           2
E1          Exterior           1
E2          Exterior           2
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Mid-span deflection (mm) 
 (a) Beams Inside Chamber 






















Mid-span deflection (mm) 
 (b) Beams Outside Chamber 
 
Fig. 5.17 Load-Deflection Behavior of Small RC Beams Strengthened  
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(b) Load-Deflection Characteristics 
 
 





















































Mid-span deflection (mm) 
 
(a) Beams Inside Chamber 



















 Mid-span deflection (mm) 
 
 
(b) Beams Outside Chamber 
Fig. 5.19 Load-Deflection Behavior of Small RC Beams Strengthened  
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Fig. 5.21 Strains at Mid-Span Sections in Small RC Beams Strengthened  
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Fig. 5.22 Strains at Mid-Span Sections in Small RC Beams Strengthened  
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Fig. 5.23 Strains at Mid-Span Sections in Large RC Beams  
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Fig. 5.25 Effect of Sustained Loading on Residual Strength and Ductility  














6.1 Review of Work 
This study was aimed at investigating the long-term behavior, in terms of 
serviceability and residual strength of glass FRP (GFRP)-strengthened RC beams under 
different weathering and/or loading condition.  The first part of the study focused on the 
long-term deflection and crack width of GFRP-strengthened RC beams under sustained 
loading.  The experimental investigation compared the long-term behavior of beams with 
different FRP reinforcement ratios subjected to different sustained load levels for about 
three years.  An analytical method was presented to calculate the short-term deflection of 
FRP-strengthened RC beams while three approaches based on ACI Approach, Effective 
Modulus Method (EMM), and Adjusted Effective Modulus Method (AEMM), were used 
to evaluate the long-term deflection.   
In view of the fact that currently available equations for conventional RC beams 
are not suitable for the evaluation of crack widths in FRP-strengthened RC beams, an 
empirical equation was proposed based on regression analysis of test data from other 
 213
Chapter 6: Conclusions       
studies as well as the current study.  Next, empirical equations which account for the 
applied stress and strengthening capacity of FRP laminates are proposed for the 
calculation of long-term crack width. 
The study on FRP-strengthened RC beams under cyclic loading was then 
followed.  The increase in deflection and crack width of FRP-strengthened RC beams 
with load cycles were investigated.  Beams strengthened with GFRP laminates were 
tested under cyclic loading with the load range and the FRP reinforcement ratio as test 
parameters.  An analytical approach based on cycle-dependent effective moduli of 
elasticity of concrete and FRP laminate was proposed for the evaluation of increase in 
deflection and crack width of FRP-strengthened RC beams under cyclic loading.  The 
study also investigated the post-cyclic structural behavior of the beams in terms of 
flexural strength, failure mode, deflection, stiffness, ductility, strain, and cracking by 
loading the GFRP-strengthened RC beams statically to failure after subjecting them to 
predetermined number of load cycles.   
The study on cyclic loading was followed by a study on the effect of tropical 
weathering on the long-term behavior of GFRP-strengthened RC beams subjected to 
sustained loading, which represents the most realistic situation.  First, deflection and 
crack width were monitored over different weathering periods.  An analytical method 
which accounts for the degradation in moduli of concrete and FRP laminate due to 
combined sustained loading and tropical weathering was presented for the evaluation of 
long-term deflection.  Next, the beams were relieved of the weathering and/or sustained 
loading after different time periods and then tested statically to failure.  The structural 
behavior under ultimate load condition was investigated and compared with those of the 
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reference beams which were not subjected to sustained loading or weathering.  The test 
parameters were exposure condition, exposure duration, type of GFRP system and FRP 
reinforcement ratio.  An analytical approach based on strain compatibility with limiting 
material strains for different failure modes is presented for the prediction of flexural 
strength and failure mode of FRP-strengthened RC beams.       
  
6.2 Summary of Findings 
6.2.1 Long-Term Behavior of FRP-Strengthened RC Beams under Sustained  
         Loading 
 
 Within the scope of the study, conclusions drawn from analytical and 
experimental investigations carried out on beams over a period of about three years are 
summarized as follows: 
1. The contribution of externally bonded glass FRP system to deflection and crack 
control is distinctly proven.  Under the same sustained load, the larger the FRP 
reinforcement ratio, the smaller was the long-term deflections and crack widths.  
The contribution in deflection and crack width control is found to be in tandem 
with the increase in flexural strength, except for beams subjected to sustained 
loading lower than service load levels.   
2. The proposed Effective Modulus Method is found to predict the test results 
conservatively, whereas the Adjusted Effective Modulus Method shows excellent 
correlation with the test results.  In addition, ACI Approach is found to calculate 
the long-term deflection conservatively. 
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3. Based on the regression analysis of available test data, an empirical equation is 
proposed and can be used for the calculation of short-term crack width of FRP-
strengthened RC beams.   
4. From the experimental investigation carried out, empirical equations, which 
account for the applied stress and strengthening capacity of the FRP laminate, are 
proposed and are suitable for the calculation of the long-term crack width. 
 
6.2.2 Effect of Cyclic Loading on Long-Term Behavior of FRP-Strengthened RC    
         Beams 
 From the investigations carried out, the following conclusions can be drawn: 
1. Deflections and crack widths of GFRP-strengthened RC beams under cyclic 
loading increase with an increase in the cyclic load range.   
2. GFRP laminates contribute to deflection and crack width control in RC beams 
under cyclic loading, as effectively as in enhancing the static flexural strength of 
the beam. 
3. The beam stiffness was found to degrade more for larger load ranges and lower 
minimum load level.  GFRP laminates helped to reduce the stiffness degradation. 
4. The proposed analytical approach, based on cycle-dependent effective moduli of 
elasticity of concrete and FRP laminate, predicts the deflection and crack width of 
the test beams reasonably well and can be used for design purpose. 
 
Comparing the post-cyclic structural response with those of the virgin beams, the 
following conclusions can be made: 
1. The residual flexural strength of the FRP-strengthened RC beams was found to be 
not much affected by the cyclic loading although the failure mode of the beams 
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changed from concrete crushing to flexural crack-induced FRP debonding.  This 
indicates a deterioration of bond between the FRP laminate and the concrete 
substrate.   
2. The beam stiffness was found to reduce to some extent and so was also the 
ductility due to prior cyclic loading effect.  The effect was less evident on the 
flexural strength and deflection of FRP-strengthened RC beams compared to the 
unstrengthened beams. 
 
6.2.3 Effect of Weathering on Long-Term Behavior of FRP-Strengthened RC  
         Beams under Sustained Loading 
 The effect of weathering on long-term serviceability is summarized below:   
1. FRP-strengthened RC Beams under sustained loading exhibited larger deflections 
and crack widths, when subjected to simultaneous weathering. 
2. Beams showed less deflections and smaller crack widths when they were 
strengthened with unidirectional GFRP laminates compared to bidirectional 
GFRP laminates, and with higher FRP reinforcement ratio.  
3. The analytical approach for deflection calculation predicts the test results well and 
can be used for design purpose. 
 
 The study on the post-weathering structural behavior of FRP-strengthened RC 
beams leads to the following conclusions: 
1. Both the strength and ductility of beams under sustained loading decreased with 
longer weathering periods.  The failure mode changed from concrete crushing or 
flexural crack-induced FRP debonding to FRP rupture, indicating the 
deterioration of FRP laminates. 
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2. Similar degradation behavior was observed for beams strengthened with 
unidirectional or bidirectional GFRP laminates; however, beams with more FRP 
reinforcement showed lesser degradation in strength and ductility. 
3. The analytical approach predicted the test results well, both in terms of 
degradation in flexural strength and change in failure mode.  The strength 
degradation factor obtained through extrapolating the analytical prediction up to 
50 years was shown to be 0.61 and 0.74 for RC beams strengthened with 
unidirectional and bidirectional GFRP systems, respectively.  
4. The effect of weathering is more detrimental in beams subjected to simultaneous 
sustained loading than in those that are not. 
 
6.3 Recommendations for Further Study 
 The following are recommended for future study: 
1. The effect of FRP laminate repair on the beams that have experienced significant 
amount of deflection and crack width prior to strengthening.   
2. Effect of different weathering factors on FRP-strengthened RC beams under 
cyclic loading.  This would simulate the real condition experienced in bridge 
structures. 
3. Investigation on the use of weathering-proof resin in the fabrication of FRP 
laminate to nullify the effect of weathering and therefore, increase the durability 
of FRP system which will subsequently increase the service life of the FRP-
strengthened RC structural member. 
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4. Investigation on creep and fatigue coefficient of different type of FRP laminate.  
This would extend the applicability of the analytical models proposed in this 
study to RC beams strengthened with different types of FRP laminates.  
5. Parametric study regarding the long-term behavior of FRP-strengthened RC 
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Preliminary Investigation on Steel Fiber Reinforced Concrete (SFRC) 
Beams 
 
A preliminary study was undertaken to explore the effect of steel fiber 
reinforcement on long-term deflections and crack widths of RC beams under sustained 
loading.  Nine beam specimens as indicated in Table A.1 with varying steel fiber contents, 
that were previously reported (Tan et al. 1994a, b; 1995), had since been subjected to 
various levels of sustained loading for a period of 10 years.  This preliminary study 
included those specimens to observe for the long-term deflections and crack widths and 
thereafter, compare the experimental results with the analytical approaches derived by 
Tan et al. (1994a, b).  At the end of 10 years, those beams were relieved off the sustained 





Appendices   
A.1 Analytical Considerations 
In the study by Tan et al. (1994a, b), three approaches, namely, the Modified ACI 
Approach, Effective Modulus Method (EMM) and Adjusted Effective Modulus Method 
(AEMM) were proposed to calculate the long-term deflection.  
 
A.1.1 Modified ACI Approach  
To account for the effect of steel fiber reinforcement on creep and shrinkage of 
concrete, a factor β is proposed to multiply with the factor λ given by ACI Committee 





 (A.2)                                                                  %5.1for                          897.0





where Vf  = steel fiber content (or volume fraction) in percentage.  Hence, the additional 
time-dependent deflection, Δ1, due to sustained loading on a SFRC beam is:  
 1 sΔ=Δ βλ                                              (A.3) 
 
A.1.2 Effective Modulus Method 
The method calculates the total deflection as the sum of “deflection considering 
creep effect” and “deflection due to concrete shrinkage”.  To consider creep effect, it 





E φ+=                             (A.4) 
where Ecf = initial modulus of elasticity of steel fiber concrete, and 0t,tφ = creep 
coefficient of steel fiber concrete, which  according to ACI 209R (1992), is: 
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−=φ                                                                                                         (A.5) 
where a, b, c = experimental constants.  From the study by Tan et al. (1994b), the values 
of a, b and c were established. 
 Once the value of Ee is known, the position of neutral axis at any time t, xt can be 
found from cracked section analysis considering strain compatibility and equilibrium of 
forces.  Therefore, knowing the value of Icr,t considering cracked section and 
subsequently the value of Ie,t, the “deflection considering creep effect” can be computed. 
Curvature due to shrinkage of concrete in an asymmetrically reinforced concrete 





eT=κ                                    (A.6) 
where e = distance between the centroid of the un-cracked transformed area and the steel 
reinforcement area  and Ts is given as: 
( ) st,sh/sss EAAT ε+=                           (A.7) 
The free shrinkage strain of the steel fiber concrete at time t, εsh,t can be expressed as:  
u,sh/t,sh t
t εαε +=                                              (A.8) 
where α/ = an experimental constant.  Earlier study by Tan et al. (1994b) gave the values 
of α/ and εsh,u for SFRC beams.  Once the curvature is known, the “deflection due to 
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A.1.3 Adjusted Effective Modulus Method 
The total strain εc,t at time t, resulting from initial stress fi at age t0, subsequent 
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E φλ+=            (A.11) 
in which λf is a reduction coefficient, that has been multiplied to the creep coefficient 
(Ghali and Favre 1986), as the incremental stress is assumed to be imposed from the 







φλ −−=                                            (A.12) 





















          (A.13) 
in which Δ0 is a correction factor equal to 0.008 and ζ = 0.5(t-t0).  The respective creep 
function, 
0t,t







φΦ +=                                              (A.14) 
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 The value of neutral axis, xt can be calculated as before based on strain 
compatibility and equilibrium of forces.  Thence, the same procedure as in the effective 
modulus method is followed to determine the value of Icr,t and therefore Ie,t.  The total 
deflection can be calculated by using adjusted effective modulus, and effective 
moment of inertia at any time t, Ie,t. 
//
eE
     
A.2 Experimental Investigation 
A.2.1 Test Specimens and Program  
Each beam, measuring 100 mm by 125 mm in cross section, was simply 
supported over a clear span length of 1.8 m.  The beam specimens were fabricated using 
Ordinary Portland Cement, natural sand, crushed granite of 10 mm maximum size and 
water, mixed in the proportion of 1:1.5:2.5:0.5 by weight to achieve a concrete cube 
compressive strength of 40 MPa.  Hooked-end steel fibers, 30 mm in length and 0.5 mm 
in diameter were used as fiber reinforcement while two T10 (high yield) longitudinal 
steel bars (10 mm in diameter) were used as tensile reinforcement and two T6 bars (6 mm 
in diameter) as compressive reinforcement at a distance of 99 mm and 24 mm from the 
top face, respectively, as shown in Fig. A.1 (a).  R6 (mild steel) stirrups were also 
provided at a spacing of 75 mm along the beam length to prevent it from failing in shear.   
Five of the beams (designated  A-50, B-50, C-50, D-50, and E-50), constituting 
Series I as reported in Table A.1,  were cast with varying steel fiber contents between 0 to 
2 percent and subjected to a sustained loading (Ps) equal to 50% of the design ultimate 
load (Pu) of the RC beam without steel fibers (A-50).  The value of Pu was determined as 
23.3 kN based on British Standard BS8110 (1989).  The other four beams (designated C-
35, C-59, C-65, and C-80) each with 1% steel fiber content and constituting Series II, 
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were respectively loaded to 0.35, 0.59, 0.65, and 0.80 times of Pu.  Beam C-50 of Series I 
is also included in Series II to facilitate comparison as it was reinforced with 1% steel 
fiber and subjected to 0.50Pu.   
 
A.2.2 Loading and Instrumentation 
To simulate uniform loading, steel plates and concrete blocks were used as 
weights at four points along the beam span as shown schematically in Fig. A.1 (b).  After 
removing the sustained loads, all Series I beams (A-50, B-50, C-50, D-50, and E-50) and 
Series II beams (C-35, C-50, C-59, C-65, and C-80) were loaded monotonically to failure 
under third point loading using a MTS actuator of 1000 kN capacity.  Deflections at 
quarter-span and mid-span sections were monitored using linear variable differential 
transducers (LVDTs).  Steel strains were also measured at quarter-span and mid-span 
sections using strain gauges.  The transducer and strain gauge readings were fed through 
a portable data logger TDS-303 using an automatic data acquisition system.  In addition, 
concrete strains using demec gauges and maximum crack widths using hand held 
microscope were measured at a load interval of 2 kN. 
 
A.3 Test Results and Discussion 
The long-term deflections and maximum crack widths for nine beams were 
evaluated to investigate the effect of steel fiber content and sustained load ratio (ratio of 
sustained load to ultimate load).  Furthermore, the flexural behavior of the beams was 
studied by removing the sustained loading and reloading them statically to failure.  Five 
of these beams (A-50 to E-50) are compared to an identical set of beams (AO to EO) that 
 235
Appendices   
were tested earlier to failure without being subjected to sustained loading by Tan et al. 
(1994a, b). 
 
A.3.1 Long-term Deflection under Sustained Loading 
(a) Effect of steel fiber content 
From Fig. A.2, it can be deduced that the total long-term (LT) deflections as well 
as the time-dependent (incremental – TD) deflections of SFRC beams decrease with 
increasing fiber content.  This becomes more obvious as the period of sustained loading 
is increased.  At 370 days (about 1 year), Beam A-50 without fibers, has deflected 29% 
more than Beam E-50 with 2 % fiber content, while at 3678 days, this difference is about 
36 %.  In terms of time-dependent (incremental) deflection (Fig. A.2b), the corresponding 
figures are 41% and 51%, respectively.  Thus, the role of steel fibers in containing the 
long-term deflection of reinforced concrete beams was confirmed.  
Figs. A.2 (c) and (d), which plot the ratio of time-dependent (TD) to short-term 
(ST) deflection with respect to the period of sustained load and fiber content, respectively, 
further illustrate the phenomenon.  At 3678 days, the ratio of time-dependent deflection 
to short-term deflection for the conventional reinforced concrete beam A-50 is 1.3 while 
that for SFRC beam, E-50 with 2 % fiber content, is 1.03, although the same ratio at 370 
days did not differ much between the two beams.  Hence with time, steel fibers proved to 
be more effective in suppressing time-dependent deflection.  
 
(b) Effect of sustained load level 
Figs. A.3 (a) and (b) show that for all SFRC beams with the same fiber content of 
1.0%, both the total deflections and time-dependent deflections increased with the 
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increasing sustained load level.  The behavior becomes more obvious with the increased 
period of loading.  The deflections of Beam C-50 and C-59 were very close to each other 
as the sustained load level differed by only 9 % of ultimate strength.  The sudden increase 
in deflections for Beams C-80 and C-65 compared to Beam C-59 may be due to 
excessive cracking and insufficient steel fibers in arresting the cracks.  Notably, the ratio 
of time-dependent deflection to short-term deflection (Figs. A.3 (c) and (d)) was found to 
decrease as the sustained load ratio is increased, although the time-dependent deflection 
itself increased with larger sustained load ratio. 
 
Comparison with theoretical predictions 
Deflections under sustained loading were computed for all the beams at the end of 
10 years using the three approaches mentioned earlier (Tan et al. 1994a, b) and compared 
with the observed results.  Fig. A.4 compares the experimental results (total long-term 
deflection) with predictions by the Modified ACI Approach.  Similar to the original ACI 
approach, the time-dependent deflection multiplier was taken to remain constant for 
periods of sustained loading exceeding five years.  In general, the prediction is 
conservative and there is closer agreement for beams with higher steel fiber contents.  
The largest deviation of observed values at 10 years from the theoretical values is around 
17 % for Beam A-50 (without fibers).   
For beams with 1% fiber content, under various sustained load levels, the 
prediction shows good agreement with the observed results, especially for beams 
subjected to sustained loading below the service load level of 0.59 Pu.  For the case of 
Beam C-59, under sustained service load, the predicted result is on the safe side.  
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The Effective Modulus Method also predicted the experimental results very well 
as shown in Fig. A.5.  For Series I, the maximum deviation is about 10% in Beam A-50 
at 10 years.  For Series II, Beam C-59 shows the largest deviation of about 16 %.  
However, in general, the predicted values are larger than the experimental values, and 
thus conservative.  
The comparison between the predictions of the Adjusted Effective Modulus 
Method and the test results is shown in Fig. A.6.  Except Beams B-50 and D-50, all other 
beams showed reasonably good agreement with the theory.  In general, the experimental 
values are somewhat above the theoretical ones. This may be because the steel fibers 
would have suffered loss of stress transferring capability across cracks with age (Banthia 
and Krishnadev 1990, Banthia and Pigeon 1989), which was not accounted for in the 
theory. 
 
A.3.2 Long-term Crack Width under Sustained Loading  
(a) Effect of steel fiber content and sustained load level 
Figs. A.7 (a) and (b) compare the maximum crack widths of Series I and II beams, 
respectively.  Increase in crack widths is seemed to stabilize at an earlier age for beams 
with higher fiber content or those subjected to a lower sustained load level.  For example, 
beams with equal to or more than 1.5% fiber content (that is, D-50 and E-50) exhibited 
almost no increase in crack width after 1 year, whereas those with lower fiber contents 
experienced increase in crack widths up to 5 or more years.  The maximum crack width 
increased by 24% in Beam A-50 from 370 days (or 1 year) to 3678 days (or 10 years), 
while the increase was only 7% for Beam E-50.  This is expected as the steel fibers 
bridging the cracks effectively restrained the cracks from growing wider with age.  In Fig. 
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A.7 (b), Beam C-35 exhibited constant maximum crack width throughout its loading 
history due to the low sustained load level. 
 
(b) Proposed empirical model 
Fig. A.8 (a) shows the ratio of time-dependent to short-term crack width at 
different points of time after loading for various steel fiber contents and under a sustained 
load of 0.5Pu (Series I beams).  It was observed that the ratio of time-dependent 
(incremental) crack width, wtf, to short-term crack width, wif, decreases with the fiber 
content, Vf, up to about 0.5% and increases thereafter.  Hence, for any beam, the 










1 +++=           (A.15) 
where a1, a2, a3 and a4 are empirical constants.  A non-linear regression analysis 
performed on the test results of both RC and SFRC beams after 10 years yields the values 
of the coefficients as a1 = 0.03, a2 = 0.04, a3 = 0.253, and a4 = 0.120 with a correlation 
factor of 0.99.  When the derived equation is applied to Series II beams that were 
subjected to different sustained load levels, a close and conservative prediction of the 
experimental maximum crack widths is observed, as shown in Fig. A.8 (a).  This 
confirms the reliability of Eq. (A.15) in predicting the time-dependent crack widths.   






32 +=                 (A.16) 
in which and  are experimentally derived constants accounting for the long-term 
effect.  Although previous study by Tan et al. (1995) showed the time-dependent/short-
2k 3k
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term crack width ratio for SFRC beams becomes constant after 140 days, the ratio was 
observed to do increase by a small amount beyond 140 days.  For the case of steel fiber 
content exceeding 0.5 percent, a linear regression analysis of test results of Series I beams 
after 10 years (as shown in Fig. A.8b) yields the values of the coefficients k2 and k3 in Eq. 
(A.16) as 0.276 and 0.120, respectively, with a correlation factor of 0.94.  This derived 
linear relation also predicted the test results for time-dependent crack widths of Series II 
beams very well. 
 
A.3.3 Residual Structural Behavior 
Flexural test results for the aged beams (A-50, B-50, C-50, D-50, and E-50) are 
compared to those of an original series of beams (AO, BO, CO, DO, and EO), that were 
identical to the aged beams in geometrical and material properties, but not subjected to 
sustained loading (Tan et al. 1994a).  The results are compared in Table A.2.  Overall, the 
higher the fiber content, the higher was the flexural capacity of the beams.  However, 
despite 10 years of sustained loading, the ultimate strength of the beams remains quite 
similar. 
The load-deflection curves of the beams are compared in Fig A.9.  The original 
series of beams exhibited three stages.  During the initial stage, the beams exhibited high 
stiffness especially for those with higher fiber contents.  After cracking of beams, the 
stiffness was reduced and the curves flattened out after the tensile reinforcement bars had 
yielded.  In the case of aged beams, three stages of behavior were also observed.  In the 
first stage, the beams had rather low stiffness compared to the corresponding ones in the 
original series, due to the effect of sustained loading.  However, as the load was increased, 
the beams quickly returned to their previously deflected position under the sustained 
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loading.  After that, the beam stiffness was almost the same compared to the 
corresponding beam in the original series.  As in the old beams, the curves flattened out 
after yielding of tensile reinforcement.  All beams failed finally by crushing of the 
concrete in compression.  
In Fig. A.10, the load versus maximum crack width relation has been plotted for 
the original and aged beams (Series I) as they were being loaded to failure.  The 
maximum crack width was quite large for Beam A-50 (without fibers) compared to 
beams with fibers, especially after the main tensile reinforcement bars had yielded.  Thus, 
the steel fibers helped in restraining crack growth even after 10 years, especially after the 
tensile reinforcement bars had yielded.  
The load versus deflection for aged Series II beams (C-35, C-50, C-59, C-65, and 
C-80) are plotted in Fig. A.11 (a).  Beams which had been subjected to higher sustained 
loading showed lesser stiffness and strength.  Also the higher the sustained loading, the 
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Table A.1 - Beam Designation 





A-50 0 0.50 
B-50 0.5 0.50 
C-50 1.0 0.50 




E-50 2.0 0.50 
C-35 1.0 0.35 
C-50 1.0 0.50 
C-59 1.0 0.59 




C-80 1.0 0.80 
       * Sustained Load Level = Applied Load, Ps / Design Ultimate Load, Pu; 
            Pu= 23.3 kN (based on Beam A-50) 
 
 
Table A.2 - Flexural Test Results 






















0 40.8 AO 22.27 A-50 22.58 1.01 
0.5 41.2 BO 22.95 B-50 23.98 1.04 
1.0 42.3 CO 23.97 C-50 24.04 1.00 
1.5 42.0 DO 24.14 D-50 24.43 1.01 
2.0 40.8 EO 24.65 E-50 24.75 1.00 
 










C-35 41.7 24.03 
C-50 42.3 24.04 
C-59 42.3 24.04 
C-65 40.6 23.94 
C-80 40.6 24.01 
    * Steel fiber Content = 1.0%  
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2 T10 bars 
R6 link
2 T6 bars 
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Fig. A.4  Comparison of Test Results with Predictions of  
Modified ACI Approach 
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Fig. A.5  Comparison of Test Results with Predictions of  
Effective Modulus Method 
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Fig. A.6  Comparison of Test Results with Predictions of  
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(b) Series II Beams 
 
Fig. A.7  Maximum Crack Widths for Beams with Various Fiber  
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(a) Non-linear Regression Analysis and Comparison with Test Results 
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       (b) Linear Regression Analysis and Comparison with Test Results 
 
       
Fig. A.8  Regression Analysis and Comparison with Test Results  
for Long-Term Crack Widths 
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Fig. A.9  Comparison of Load-Deflection Characteristics between  
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(b) Beams after Ten-Year of Sustained Loading 
 
Fig. A.10  Comparison of Load-Maximum Crack Width Relations 
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            (b) Load-Crack Width Relation 
 
Fig. A.11  Deflection and Cracking Behavior of Series II Beams  
















Stress-Strain Relations of Concrete, Steel Bars, and Fiber Reinforced 
Polymer (FRP) Laminates 
 
 The constitutive relations for concrete, steel bars and fiber reinforced polymer 
(FRP) laminates are idealized as shown in Fig. B.1.  For concrete, the behavior is 
modeled using Hognestad Stress-Strain curve with the strain corresponding to maximum 
stress (fc/) is taken as 0.002 and the maximum crushing strain (εcu) is taken as 0.003.  The 
behavior of tensile steel reinforcement bars, on the other hand, is assumed as bi-linear.  
That is, elastic up to yield load level and then followed by perfectly plastic plateau.  The 
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Fig. B.1 Idealized Stress-Strain Relations for Concrete, Steel Bar and FRP Laminate 
(a) Hognestad’s Parabolic Concrete Model 
Strain, εc 















































Design Example on Deflection and Crack Width of FRP-Strengthened 
RC Beam under Sustained Loading 
 
 A simply supported concrete beam is to span a length of 5.5 m (Fig. C.1).  Based 
on the allowable span-depth ratio of 16 specified by ACI Building Code (2005) , the 
minimum beam depth should be 340 mm; however, due to architectural reason the beam 
depth needs to be kept within 300 mm.  The beam width is selected as 250 mm.  The 
beam is reinforced with 3 T25 bars (1470 mm2 in tension) and 2 T20 bars (628 mm2 in 
compression) (Table C.1).  The cover to the reinforcement bars is 40 mm.  The ultimate 
moment capacity of the beam is calculated as 195 kN-m.  It is proposed to bond the 
tension face of the beam (depth = 300 mm) with three layers of FRP laminates (ρfrp = 
1.02%) as described in Table C.2 to keep the deflection and crack width after 5 years 
under sustained loading of 10 kN/m (dead load of 1.8 kN/m and live load of 8.2 kN/m) 
within allowable limits.  The calculations are as follows: 
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(a) Mid-Span Deflection after 5 Years 
 
Procedure Calculation Equation No. 
Step 1: Calculate elastic 
modulus of concrete, 
depth of neutral axis of 
uncracked section, gross 
moment of inertia based 
on transformed section 
Ec = 4730*√35 = 27983 MPa 
 
x = (250*300*300/2+37000/27983*250*3.05*300) 
/(250*300+37000/27983*250*3.05) = 152 mm 
 
It = 250*3003/12 + 250*300*(152-150)2 + 
200000/27983*(260-152)2 + 37000/27983 





Step 2: Calculate the 
depth of neutral axis 
based on cracked 
section 
x = 109 mm 3.6, 3.7 
Step 3: Calculate 
cracked moment of 
inertia 
Icr = 250*1093/3 + 200000/27983*1470* (260-
109)2 + (200000/27983-1)*628*(109-40)2 + 37000/ 
27983*250*3.05*(300-109)2 = 4.03*108 mm4 
3.5 
Step 4: Calculate 
modulus of rupture, 
cracking moment,  effe- 
-ctive moment of inertia 
fcr = 0.623*√35 = 3.69 MPa 
 
Mcr = 3.69*7.39*108/(300-152) = 1.84*107 N-mm 
 
Ie = (1.84*107/3.78*107)3*7.39*108 + [1-





Step 5: Calculate 
instantaneous deflection 
due to live load (and 
compare with allowable 
value) and total load  
ΔiL = 5*8.2*55004/(384*27983*4.41*108)  
= 7.91 mm (<Δall = l/360 = 15.28 mm) 
Δi = 5*10*55004/(384*27983*4.41*108)  
= 9.64 mm  
3.1 
Step 6: Determine time-
dependent factor  λ = 2/(1+50*628/(250*260)) = 1.35 3.8 
Step 7: Calculate total 
deflection after 5 years 
and compare with 
allowable value 
Δtotal = 9.64 + 9.64*1.35 = 22.65 mm 
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(b) Maximum Crack Width after 5 Years 
 
Procedure Calculation Equation No. 
Step 1: Calculate area of 
concrete symmetric with 
tensile reinforcement 
A = 2*250*[1470*40/(1470+37000/200000 
*250*3.05)]/3 = 6083 mm2  3.27 
Step 2: Calculate stress in 
steel bar 
fs = (200000/27983)*3.78*107*(260-
109)/(4.41*108) = 92.44 MPa - 
Step 3: Calculate 
instantaneous crack width 
wi =  0.0119*(40*6083)1/3*92.44]/ 
[1+2.06*40/(260-109)]*10-3 = 0.044 mm 3.31a 
Step 4: Calculate time-
dependent crack width 
wt = 1.56732/ 
[0.2050.38094(1.1676+1.02)]*0.044 = 0.058 mm 
 
3.32 
Step 5: Calculate total 
crack width and compare 
with allowable value  
wtotal = 0.044+0.058 = 0.103 mm 
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Table C.1 – FRP Laminate Properties Reported by Manufacturer 
FRP Type Unidirectional Glass FRP 
Thickness per Layer 1.016 mm 
Ultimate Tensile Strength 0.62 GPa 
Rupture Strain 0.017 mm/mm 
Modulus of Elasticity 37 GPa 
 
Table C.2 – Properties of Steel Bars 
Yield Strength of Steel Bars 460 MPa 
Modulus of Elasticity of Steel Bars 200 GPa 





























Design Example on Deflection and Crack Width of FRP-Strengthened 
RC Beam under Cyclic Loading 
 
 A simply supported beam of same configuration as in Appendix C is subjected to 
cyclic loading.  The load, applied at one-third points of the beam at a frequency of 2 Hz, 
ranges between 35% and 55% of ultimate flexural load carrying capacity of the beam.  
Calculate the deflection and crack width after 1 million cycles. 
 
(a) Mid-Span Deflection after 1 Million Cycles 
Procedure Calculation Equation No. 
Step 1: Calculate elastic 
modulus of concrete, 
depth of neutral axis of 
uncracked section, gross 
moment of inertia based 
on transformed section 
Ec = 4730*√35 = 27983 MPa 
 
x = (250*300*300/2+37000/27983*250*3.05*300) 
/(250*300+37000/27983*250*3.05) = 152 mm 
 
It = 250*3003/12 + 250*300*(152-150)2 + 
200000/27983*(260-152)2 + 37000/27983 
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Step 2: Calculate the 
depth of neutral axis 
based on cracked section 
x = 109 mm 3.6, 3.7 
Step 3: Calculate 
cracked moment of 
inertia 
Icr = 250*1093/3 + 200000/27983*1470* (260-
109)2 + (200000/27983-1)*628*(109-40)2 + 
37000/27983*250*3.05*(300-109)2  
= 4.03*108 mm4 
3.5 
Step 4: Calculate  
modulus of rupture, 
cracking moment and 
effective moment of 
inertia 
fcr = 0.623*√35 = 3.69 MPa 
 
Mcr = 3.69*7.39*108/(300-152) = 1.84*107 N-mm 
 
Ie = (1.84*107/8.21*107)3*7.39*108 + [1-(1.84*107 





Step 5: Calculate 
maximum and minimum 
stress in extreme 
concrete fiber and 
maximum stress in FRP 
fmax = 1.00*108*109/(2*4.06*108) = 13.53 MPa 
 
fmin = 6.38*107*109/(2*4.06*108) = 8.61 MPa 
 
ffrp = (37000/27983)*1.00*108*(300-
152)/(4.06*108) = 48.31 MPa 
- 
Step 6: Calculate 
normalized mean stress 
and stress range  
mf = (13.53+8.61)/(2*35) = 0.32 
fΔ = (13.53-8.61)/35 = 0.14 4.3, 4.4 
Step 7: Calculate cycle-
dependent modulus of 
rupture 
fcr,N = 3.69*(1-log101000000/10.954) = 1.67 MPa 4.5 
Step 8: Calculate cycle 
dependent effective elas- 
-tic modulus of concrete 
Ee,N = 13.53/[13.53/27983+ 
{129*0.32*(1+3.87*0.14)* 
(1000000/(2*60*60))1/3}] = 16709 MPa 
4.1, 4.2 
Step 9: Calculate 
effective elastic modulus 
of FRP composite  
P = 3.237, q = 1.84*105 
 




Step 10: Determine 
neutral axis depth  x = 127 mm 3.6, 3.7 
Step 11: Calculate cycle-
dependent cracked 
moment of inertia 
Icr,N = 250*1273/3 + 200000/16709*1470* (260-
127)2 + (200000/16709-1)*628*(127-40)2 + 36071/ 
16709*250*3.05*(300-127)2 = 5.84*108 mm4 
4.13 
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Step 12: Calculate 
cracking moment and 
effective moment of 
inertia 
Mcr,N = 1.67*7.39*108/(300-127) = 7.11*106 N-mm 
 
Ie,N = (7.11*106/8.21*107)3*7.39*108 + [1-
(7.11*106/8.21*107)3]*5.83*108 = 5.83*108 mm4 
 
4.12 
Step 13: Calculate 








(b) Crack Width after 1 Million Cycles 
Procedure Calculation Equation No. 
Step 1: Calculate area of 
concrete symmetric with 
tensile reinforcement 
A = 2*250*[1470*40/(1470+37000/200000 
*250*3.05)]/3 = 6083 mm2  3.27 
Step 2: Calculate stress in 
steel bar 
fs = (200000/27983)*8.21*107*(260-
109)/(4.06*108) = 218 MPa - 
Step 3: Calculate 
instantaneous crack width 
wi =  0.0119*(40*6083)1/3*218]/ 
[1+2.06*40/(260-109)]*10-3 = 0.11 mm 3.30 
Step 4: Calculate 
maximum and minimum 
stress in extreme concrete 
fiber and maximum stress 
in FRP 
fmax = 1.00*108*109/(2*4.06*108) = 13.53 MPa 
 
fmin = 6.38*107*109/(2*4.06*108) = 8.61 MPa 
 
ffrp = (37000/27983)*1.00*108*(300-
152)/(4.06*108) = 48.31 MPa 
- 
Step 5: Calculate 
normalized mean stress 
and stress range  
mf = (13.53+8.61)/(2*35) = 0.32 
fΔ = (13.53-8.61)/35 = 0.14 4.3, 4.4 
Step 6: Calculate cycle 
dependent effective elastic 
modulus of concrete 
Ee,N = 13.53/[13.53/27983+ 
{129*0.32*(1+3.87*0.14)* 
(1000000/(2*60*60))1/3}] = 16709 MPa 
4.1, 4.2 
Step 7: Calculate effective 
elastic modulus of FRP 
composite  
p = 3.237, q = 1.84*105 
 
Efrp,N = 37000/[1-{(3.237+1)*1.84*105}1/(3.237+1) 
*(48.31/37000)2*3.237/(3.237+1)*10000001/(3.237+1)]-1 
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Step 8: Determine neutral 
axis depth after 1 million 
cycle 
xN = 127 mm 3.6, 3.7 
Step 9: Calculate cycle-
dependent cracked 
moment of inertia 
Icr,N = 250*1273/3 + 200000/16709*1470* 
(260-127)2 + (200000/16709-1)*628*(127-40)2 
+ 36071/ 
16709*250*3.05*(300-127)2 = 5.84*108 mm4 
4.13 
Step 10: Calculate initial 
average strain in steel bar 
and that after 1 Million 
cycles  
εsm = 218/200000 = 0.00109 
 
εsm,N = [(200000/16709)* 8.21*107*(260-
127)/(5.84*108) ]/200000 = 0.00112 
- 
Step 11: Calculate total 
crack width  
wN = [0.11*1.2*0.00112* {1+1.22* 




























Design Example on Residual Flexural Strength of GFRP-Strengthened 
RC Beam Subjected to Sustained Loading under Tropical Weathering 
 
 A simply supported beam of same configuration as in Appendix C was subjected 
to sustained loading under tropical weathering for 25 years.  Determine the residual 
flexural moment capacity of the beam. 
 
Procedure Calculation Equation No. 
Step 1: Set the ultimate 
strain limit concerning 
for concrete crushing, 
FRP rupture, and FRP 
debonding 
εcu = 0.003 
εfrp,u = 0.8*0.017 = 0.0136 
εfrp,db = 0.00797 
5.19, 5.20,  
5.21, 5.22 
Step 2: Calculate the 
strain considering 
concrete crushing  
/
sε = 0.00176 
εs = 0.0023 (yielded) 
εfrp = 0.00632 
3.7 
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Step 3: Calculate the 
strain considering FRP 
rupture  
/
sε = 0.00177 
εs = 0.0023 (yielded) 
εfrp = 0.0136 
3.7 
Step 4: Calculate the 
strain considering FRP 
debonding  
/
sε = 0.0023 (yielded) 
εs = 0.0023 (yielded) 
εfrp = 0.00797 
3.7 
Step 5: Calculate neutral 
axis depth considering 
different failure mode 
x = 96.6 mm (concrete crushing) 
x = 64.4 mm (FRP rupture) 
x = 98.3 mm (FRP debonding) 
3.6 
Step 6: Find the location 
of resultant compressive 
force with respect to the 
concrete extreme fiber 
xc = 40.2 mm (concrete crushing) 
xc = 40.5 mm (FRP rupture) 
xc = 47.7 mm (FRP debonding) 
- 




Mcc = 195 kN-m (concrete crushing) 
Mfr = 248 kN-m (FRP rupture) 
Mdb = 198 kN-m (FRP debonding) 
5.32 
Step 8: Select the least 
value considering three 
failure modes and 
calculate Mu 
Mu = 195 kN-m (concrete crushing) 
 5.33 
Step 9: Calculate the 
strength degradation 
factor and strength at the 
end of 25 years 
Φ = 0.698 
Mn = 136 kN-m 
5.34 
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